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ABSTRACT
The main goal of this dissertation research was to further study and
characterize our bimetallic hydroformylation catalyst, rac-[Rh2(nbd)2(et,phP4)](BF4)2, and to fully identify the catalytically inactive mono- and dirhodium
complexes formed upon fragmentation of the catalyst under hydroformylation
conditions. Various in situ NMR methods such as 1D 1H and

31

P, and 2D COSY,

HMBC, and HMQC were employed and indicated the formation of the key
catalyst, [rac-Rh2H2(µ-CO)2(CO)4(et,ph-P4)]2+, 4, and a number of other Rhphosphine species on and off the catalytic cycle. Detailed spectroscopic data
was used to propose the structures of these catalytically inactive fragmentation
complexes,

namely

[RhH2(η4-et,ph-P4)]+,

10,

and

[rac,rac-Rh(η4-et,ph-

P4)2RhH2]2+, 11.
Mono- and bimetallic rhodium tetraphosphine compounds, RhCl2(η4-et,phP4)BF4, 12, Rh(Cl)(CH2Cl)(η4-et,ph-P4)BF4, 13, and [Rh2(η4-et,ph-P4)2](BF4)2, 14
were synthesized, characterized, and their NMR spectroscopic data was
obtained. The

31

P analyses of these compounds were correlated with the

spectroscopic data obtained from the in situ NMR studies of [Rh2(nbd)2(et,phP4)](BF4)2 catalyst precursor and indicated that none of these three complexes
are present during hydroformylation catalysis.

The above compounds were

studied to help us expand our knowledge about the bimetallic catalyst and the
possible

mechanism

of

the

fragmentation

hydroformylation.

xiii

process

occurring

during

In addition, me,ph-P4 ligand, a variation of the et,ph-P4, and dirhodium
me,ph-P4 catalyst were synthesized. Separation of meso and racemic
diastereomers of this ligand was also achieved. Research in this area involved
the synthesis of dimethylchlorophosphine, Me2PCl, and the halogenated
methylene bridged bisphosphine, Cl2PCH2PCl2.

xiv

CHAPTER 1
INTRODUCTION
1.1 Monometallic Hydroformylation Catalysis
Hydroformylation is the largest homogeneous catalytic process for
aldehyde synthesis. The process involves reaction between alkenes, carbon
monoxide, and hydrogen in the presence of Rh or Co catalysts (scheme 1).1,2
Hydroformylation, or “oxo” reaction, was discovered in 1938 by Germen chemist
Otto Roelen and today it is used for the synthesis of more than 15 billion pounds
of aldehydes per year needed for the production of detergents, lubricants,
solvents, and plasticizers.

H 2C

CHR + H 2 + CO

H

O

Rh or Co

Catalyst

R

H
Linear

O

+
R
Branched

Scheme 1.1. Hydroformylation reaction

In 1961 Heck and Breslow3 proposed the first mechanism for HCo(CO)4
catalyzed hydroformylation (Fig. 1.1). The first step in this catalytic cycle is
dissociation of CO ligand from HCo(CO)4. The next step involves coordination of
alkene to the cobalt center of the 16 electron unsaturated catalyst, followed by
alkene migratory insertion into the metal-hydrogen bond. After the addition of
another carbonyl ligand to the Co center, migratory insertion of CO with the
metal-alkyl occurs to form a Co-acyl complex. Oxidative addition of molecular

1

hydrogen and reductive elimination of the aldehyde product are the last two steps
in the catalytic cycle. Depending on exactly how the coordinated alkene does the
migratory insertion with the hydride, the final product can be the linear aldehyde
(industrially desired product) or the branched aldehyde.

H
O

OC

Co

CO

CO
H

R

C
O

O
H

R
Co

- CO
+ alkene

H

R

CO

Co

CO

CO

H

CO

C
O

C
O
Monometallic

+ H2
- CO

+ CO

O
OC

R
Co

CO

R
OC

Co

CO

CO

CO

C
O

C
O

Figure 1.1. Heck-Breslow Co-catalyzed hydroformulation mechanism

Until the early 1970’s mainly cobalt complexes were used as catalysts for
hydroformylation. In the mid- and late 1960’s Wilkinson and co-workers reported

2

the use of rhodium-triphenylphosphine based complexes4,5 and Pruett described
rhodium phosphite and phosphine systems and the effect of excess ligand6 on
hydroformylation catalysis. It was observed that rhodium catalysts require much
milder reaction conditions than the cobalt complexes (H2/CO pressure of 5-25
atm and temperature of 60-120oC vs. 200-300 atm and 200-250oC for cobalt),
which represents the main advantage of rhodium over cobalt systems. Rhodiumphosphine catalysts also have better selectivity than their cobalt analogous.
These discoveries led to the first industrial hydroformylation process based on
rhodium catalyst, started by Union Carbide Corporation in the early 1970’s. To
date, the catalytic possibilities of many rhodium-phosphine and rhodiumphosphite complexes have been studied.7 Best results were obtained with class
of ligands such as triphenylphosphines and diphosphites. One example is the
rhodium system based on bulky diphosphite ligands patented by Union Carbide
in 1988.8

O
O P
O

O
P O
O

UC-44
Figure 1.2. Bulky diphosphite UC-44 ligand (Union Carbide)

3

A rhodium catalyst using the bisphosphite ligand shown in figure 1.2 has a
selectivity of 72:1 linear to branched aldehyde product and activity of 6120
TO/hour for the hydroformylation of 1-octane. The high alkene isomerization rate
of 26.5% and facile phosphite ligand fragmentations are drawbacks for this
system.9
1.2 Bimetallic Hydroformylation Catalysis
1.2.1 Bimetallic Cooperativity
The possibility of two metal centers in a homogeneous catalyst system to
cooperate during the catalytic cycle was first proposed by Heck.3 For his
hydroformylation mechanism, described in part 1.1 of this chapter, Heck
proposed, but did not favor, the presence of a second HCo(CO)4 complex which
provides the hydride needed for the aldehyde formation via an intramolecular
hydride transfer (scheme 1.2).
O
OC

R
Co
C
O

CO
CO

H
+

OC

Co
C
O

O
C

O

CO
H

CO

R

+

O C Co
C

C O
O

O

O C
C

Co CO
C
O

Scheme 1.2. Heck’s proposed bimetallic cooperativity

In the years that followed, the use of bi- and multimetallic systems as
hydroformylation catalysts received considerable interest and numerous
examples were reported in the literature.10 Süss-Fink and co-workers reported

4

the possibility of bimetallic cooperativity in a [HRu3(CO)11]¯ cluster used as
catalyst in the hydroformylation of propylene.11 This cluster system has high
regioselectivity (L/B aldehyde 70:1), but very low activity (50 TO for 66 hours; 10
bar H2/CO; 70oC; diglyme).
One major problem in bi- and multimetallic hydroformylation catalysis is
the fragmentation of the catalyst systems to active monometallic species. In 1988
Kalck and co-workers reported their studies on a Rh2(µ-SR)2(CO)4 complex used
as a catalyst precursor in the hydroformylation of 1-alkenes.12 Since Rh2(µSR)2(CO)4 itself is inactive toward hydroformylation, it was proposed that the
actual catalyst is Rh2(µ-SR)2(CO)2(PR)2 and excess PPh3 is needed during the
reaction to keep the catalyst’s high activity and regioselecticity. The proposed
hydroformylation mechanism suggested several intramolecular hydride transfers
which lead to the formation of the final aldehyde product. Later studies on this
system, however, clearly demonstrated that this dirhodium complex fragments
during hydroformylation to form RhH(CO)(PR)2 that is the active catalyst in the
reaction.13,14
1.2.2 Stanley’s Dirhodium Hydroformylation Catalysis
The bimetallic Rh catalyst developed in our research group is one of the
best examples of bimetallic cooperativity. This binuclear complex is based on the
tetraphosphine racemic ligand (Et2PCH2CH2)(Ph)PCH2P(Ph)(CH2CH2PEt2) –
abbreviated as et,ph-P4.15 Racemic and meso forms of the ligand are shown in
Figure1.3.

5

Ph

P

PEt2

P

Ph

Ph

Et2P

Et2P

P Ph

P

PEt2

meso

racemic

Figure 1.3. Racemic and meso forms of et,ph-P4

The ligand bridges two rhodium metal centers via the central
bis(phosphino)methane

(-PCH2P-)

unit

and

chelates

using

the

two

bis(phosphino)ethane “arms” (Et2P(CH2)2P-). The racemic ligand reacts cleanly
with 2 equivalents of [Rh(nbd)2]BF4 (nbd = norbornadiene) to form the dirhodium
complex rac-[Rh2(nbd)2(et,ph-P4)](BF4)2 (Fig. 1.4), which is the catalyst precursor
for the proposed hydroformylation reaction.16 Experimental studies have shown
that

the

dirhodium

catalyst

based

on

rac-et,ph-P4

gives

far

better

hydroformylation results relative to mixed or meso-[Rh2(nbd)2(et,ph-P4)](BF4)2.

Et 2P

PEt 2

Rh

Rh

2+

P

P

Ph

Ph

Figure 1.4. Bimetallic Rh catalyst precursor based on et,ph-P4 ligand

Stanley’s proposed hydroformylation mechanism (Fig. 1.5) is based on the
unique bimetallic cooperativity of the two cationic Rh centers.17 The resting state

6

2

1

9
3

7

4

5

6

Figure 1.5. Proposed bimetallic hydroformylation mechanism

of the catalyst is proposed to be the pentacarbonyl complex [rac-Rh2(CO)5(et,phP4)]2+, 1. The first step in the catalytic cycle is oxidative addition of H2 to one of
the Rh(I) centers and CO dissociation to form complex 2. This complex rotates
from an open-mode to closed-mode structure to form the dirhodium complex 3,

7

with one carbonyl and one hydride bridging ligand. This complex then rearranges
to form the symmetrical Rh(II) complex, [rac-Rh2H2(µ-CO)2(CO)x(et,ph-P4)]2+, 4,
(x = 0, 1, 2) which is proposed to be the key catalyst species in our
hydroformylation reaction. This intramolecular hydride transfer from one Rh
center to the other to produce the symmetrical, metal-metal bonded, dicationic
complex 3 is the first bimetallic cooperativity step in the proposed catalytic cycle.
The cationic charge on each Rh center in [rac-Rh2H2(µ-CO)2(CO)x(et,phP4)]2+ has a key role in the hydroformylation process. Electron-donating
phosphine ligands increase the electron density on the Rh centers and lead to
the formation of strong Rh-CO π-backbonding. This could be a potential problem
for the hydroformylation reaction since a CO ligand needs to dissociate and open
a coordination site for the incoming alkene.

This effect, however, is

compensated by the presence of the cationic charge on the metals that
decreases the strong π-backbonding of CO ligand and enables dissociation of
terminal CO. Thus, a binding site is open for the alkene to coordinate to the Rh
center (species 5), followed by migratory insertion of alkene into the Rh-H bond
to form the alkyl species 6. Next, addition of another CO ligand to the empty axial
site is followed by a migratory insertion with the alkyl to form the acyl complex 7.
The last step of the catalytic cycle again shows the cooperative effect of the two
Rh atoms. The second Rh center in the acyl complex provides the hydride
needed for the formation of the final aldehyde product. After reductive elimination
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of the aldehyde, the catalyst complex 9 can rearrange and react with CO to form
the open mode pentacarbonyl complex 1.
In the catalytic process steric factors play an important role in the
interaction between the alkene and catalyst. The substituents on the terminal and
internal phosphorus atoms control the access and orientation of alkene to the Rh
center. Bulky substituents “fill” the space between terminal and internal
phosphorus atoms and force the tail of the coordinating olefin to point away from
catalyst. The insertion of hydride ligand then occurs to the internal carbon atom
of the double bond of the alkene, leading to the formation of linear
hydroformylation product. Molecular modeling studies on propylene docked onto
[rac-Rh2H2(µ-CO)2(CO)4(et,ph-P4)]2+ catalyst binding site (Fig. 1.6), performed by
Prof. Stanley, showed that the pro-linear alkene coordination mode is lower in

Figure 1.6. Molecular modeling on propylene docked onto bimetallic
catalyst binding site.
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energy than the pro-branched by approximately 4 kcal/mol. There are electronic
factors that favor the branched migratory insertion pathway which the modeling
can not account for. Thus the 4 kcals represent an steric-only energy estimate.
The high regioselectivity of our catalyst system can be explained by both
steric and electronic factors. The geometry around Rh atoms is pseudo- squareplanar and there is a Rh-Rh bond and two bridging carbonyl ligands in the key
dirhodium complex that is proposed to react with alkene.18 In this environment
the alkene can coordinate and bind to the metal center without distorting the
complex and changing its geometry. This favors the alkene insertion into Rh-H
bond leading to the desired linear aldehyde product. This is in contrast with
monorhodium square-planar complexes where the coordination of the alkene
results in a geometry change to a five-coordinate monometallic Rh species (Fig.
1.7). This geometry change of the phosphine ligands into an equatorial-equatorial
structure reduces the steric interactions between the phosphine R-groups and
the alkene, leading to lower linear/branched regioselectivity. This is also the
basis for the “bite angle” hypothesis. This proposes that chelating biphosphine
ligands that can expend the P-Rh-P “bite angle” will push the R-groups closer to
the alkene and cause a greater steric directing effect. This, in turn, will increase
the aldehyde linear/branched regioselectivity.
The most recent hydroformylation results,19 obtained by Dr. David Aubry, a
former member of Stanley research group, on additionally purified 1-hexene
under mild conditions (90oC; 90 psig 1:1 H2/CO; 1mM rac-catalyst; acetone) give
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Figure 1.7. Binding sites for monometallic Rh(I) and bimetallic Rh(II)
complexes
initial TOF = 20 min-1, 25:1 linear/branched aldehyde regioselectivity, and 2.5%
alkene izomerization and 3.4% alkene hydrogenation side reactions. These
studies also found that the addition of 30% water to the acetone solvent in the
hydroformylation reaction dramatically increases the rate and selectivity of our
catalyst (initial TOF = 73 min -1, 33:1 linear/branched regioselsectivity; less than
0.5% alkene isomeriazation). This effect was proposed to be due to the ability of
water to stabilize the dirhodium catalyst by inhibiting the fragmentation of catalyst
into the inactive species shown in figure 1.8. Thus, the bimetallic cooperativity of
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the two Rh centers, their dicationic charge, and the structure of the
tetraphosphine ligand, et,ph-P4, represent a unique combination of factors that
contribute to the high effectiveness of our dirhodium catalyst precursor.

H

CO

H
C
O

Figure 1.8. Fragmentation complexes proposed to form during hydroformylation
reaction. The current studies are suggesting an alternate structure for the
dirhodium double et,ph-P4 complex.
1.3 In Situ Spectroscopy
A significant part of the research presented in this dissertation involves the
use of in situ nuclear magnetic resonance (NMR) spectroscopy and Fourier
transform infrared (FT-IR) spectroscopy for better understanding the details of
the reaction chemistry of the dirhodium catalyst. NMR spectroscopy is a powerful
tool for gaining structural information of compounds and mixtures through the
chemical shifts and couplings of the nuclei.20 In this work high-pressure NMR
techniques can be employed to determine the structure of Rh complexes formed
during the catalytic cycle. The information obtained from the NMR experiment
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can be further complemented through the use of FT-IR spectroscopy. The FT-IR
use in this research is based on the presence of carbonyl ligands binding to the
Rh centers. CO stretching frequencies provide valuable information about
terminal and bridging CO bonding modes and the relative electron density on the
metal centers.
As it was discussed in part 1.2 of this chapter, hydroformylation reaction
studies and in situ spectroscopic studies18,21 on the catalyst precursor
[Rh2(nbd)2(et,ph-P4)](BF4)2 indicate that the key catalyst that reacts with alkene
is the symmetric dihydride species, [rac-Rh2H2(µ-CO)2(CO)x(et,ph-P4)]2+, 4 (x =
0, 1, 2). In situ NMR and FT-IR experiments also indicate that fragmentation
reactions occur when the catalyst precursor is exposed to H2/CO pressure even
at room temperature for prolonged times (12 hours or longer). The resulting
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P

NMR spectrum is complex, indicating the formation of a number of Rh-phosphine
species, several that we believe are catalytically inactive or doing side reactions.
Detailed spectroscopic NMR and FT-IR studies on the [Rh2(nbd)2(et,phP4)](BF4)2 system generated under various conditions are presented in Chapter 2
of this dissertation.
1.4 Synthetic Studies
In situ NMR studies of our catalyst precursor, reported in chapter 2,
provide valuable spectroscopic data for identifying the active catalyst as well as
the inactive fragmentation species formed during hydroformylation. Some of the
initially proposed fragmentation complexes, such as [RhH2(η4-et,ph-P4)]+ and
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[Rh2H2(CO)2(η3-et,ph-P4)]2+, have structures similar to the structures of
previously reported RhCl2(η4-et,ph-P4)BF4 and [Rh2(η4-et,ph-P4)2](BF4)2.22 For
this purpose mono- and bimetallic rhodium tetraphosphine compounds,
Rh(Cl)(CH2Cl)(η4-et,ph-P4)BF4,

RhCl2(η4-et,ph-P4)BF4

and

[Rh2(η4-et,ph-

P4)2](BF4)2, were synthesized and further characterized. In situ NMR studies of
[Rh2(nbd)2(et,ph-P4)](BF4)2 indicate that none of the above complexes appear to
be present under H2/CO gas. The above tetraphosphine complexes were
prepared and studied further in order to help us expand our knowledge about the
fragmentation species and to assign their structures.
Previous work with the synthesis of the RhCl2(η4-et,ph-P4)BF4 complex22
was performed by Dr. Clinton Hunt, a former member of Stanley group. Although
the crystal structure of the complex was identified by X-ray diffraction, it was
clear that more work in this area was necessary to obtain additional
spectroscopic data of the complex. There was also a need to acquire detailed 31P
NMR data of Rh(Cl)(CH2Cl)(η4-et,ph-P4)BF4 and especially the double ligand
[Rh2(η4-et,ph-P4)2](BF4)2 complex. These studies will be correlated with the
spectroscopic data obtained from the in situ NMR studies of [Rh2(nbd)2(et,phP4)](BF4)2 in Chapter 3.
Asymmetric hydroformylation catalysis is another area of interest in our
research group. In contrast to “regular” hydroformylation reaction, in asymmetric
hydroformylation catalysis the desired product is the branched aldehyde. In this
case the tail of the upcoming olefin needs to point between the internal and
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external phosphines of the catalyst (see Fig. 1.6, p. 9). This directs the insertion
of hydride to the terminal carbon atom of the double bond of the olefin making
the branched alkyl, which goes on to make the branched aldehyde.
Very good results for asymmetric hydroformylation of vinyl esters (vinyl acetate,
vinyl benzoate, vinyl propionate, and vinyl butyrate) were obtained in our
research group using the recrystallized bimetallic Rh catalyst precursor rac[Rh2(allyl)2(et,ph-P4)] + 2HBF4. Recrystallization of the catalyst was an important
step since pure catalyst gives far better results. This recrystalized chiral catalyst
has 85% enantioselectivity and 4:1 branched to linear regioselectivity (85oC; 90
psig; H2/CO 1:1; 0.3mM catalyst; acetone) for the hydroformylation of vinyl
acetate.23 The ethyl groups in the tetraphosphine ligand can be replaced with
methyl groups to give the me,ph-P4 ligand (Fig. 1.9), which can then be used to
form the dirhodium tetraphosphine catalyst precursor [Rh2(nbd)2(me,phP4)](BF4)2 (Fig. 1.10).
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Figure 1.9. Racemic and meso forms of me,ph-P4
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Figure 1.10. Bimetallic Rh catalyst precursor based on the me,ph-P4 ligand

Molecular modeling and experimental studies have been performed on
this system to help better understand its possible selectivity. Part of my research
in this area involves the synthesis of the dirhodium me,ph-P4 catalyst for the
asymmetric hydroformylation of vinyl esters and other related alkenes. Synthesis
and investigation of the starting material dimethylchlorophosphine, Me2PCl,
separation of meso and racemic diastereomers of me,ph-P4 ligand, and
synthesis of halogenated methylene bridged bisphosphine, Cl2PCH2PCl2, are
presented in Chapter 4.
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CHAPTER 2
IN SITU NMR AND FT-IR STUDIES
2.1 Introduction
The main goal of our research group is to better characterize the bimetallic
hydroformylation catalyst, rac-[Rh2(nbd)2(et,ph-P4)](BF4)2, and explain in detail
its high activity and regioselectivity. There is also a need to fully identify the
catalytically inactive mono- and dirhodium complexes formed upon fragmentation
of the catalyst under hydroformylation conditions. Rhodium species in our
catalytic system contain hydride, tetraphosphine, and carbonyl ligands, therefore
this system can be studied through the use of nuclear magnetic resonance
(NMR) spectroscopy and Fourier transform infrared (FT-IR) spectroscopy.
A significant part of my research involves the application of NMR
spectroscopy to our catalytic system. The catalytic precursor [Rh2(nbd)2(et,phP4)](BF4)2 was exposed to H2/CO gas (syn gas) and the solution was analyzed
by 1H and
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P NMR using high-pressure NMR spectroscopic techniques. The

main purpose of these in situ NMR studies was to identify the number and the
type of rhodium complexes present in the solution after reaction between
catalytic precursor and syn gas under high pressures. Chemical shifts and
coupling constants obtained from in situ

31

P data were used to determine

possible structures of the phosphine species. The presence of carbonyl ligands
binding to the Rh centers are a perfect handle for FT-IR spectroscopy. CO
stretching frequencies give information about terminal and bridging CO

19

coordination modes in the hydroformylation intermediates and the electron
density of the metal centers that they are coordinated to. Terminal CO bands
typically appear in the 2120-1850 cm-1 region and broader bridging CO bands
appear in the lower 1850-1720 cm-1 region.1
High gas pressure NMR techniques have been used in the last 50 years to
understand the mechanisms of chemical reactions. A review article by Horvath
and Millar2 describes high pressure NMR methods and their application to liquid
systems

under

gas

pressure,

including

applications

to

monorhodium

hydroformylation catalyst systems. The literature contains numerous reports on
in situ NMR studies of rhodium complexes with hydride and phosphine ligands.3-7
Wilkinson4a and Brown4b,c investigated the structure of rhodium-phosphine
intermediates through the use of in situ NMR spectroscopy. Van Leeuwen et
al6a,b used in situ NMR and IR techniques to study the mechanism of
hydroformylation reaction catalyzed by a rhodium phosphorus diamide ligand, as
well as the rhodium acyl complexes formed during the reaction.
To fulfill the purpose of our research and obtain best results in the
characterization of the catalytically active and inactive species a variety of highpressure NMR experiments were performed. Our catalytic system contains the
tetraphosphine ligand, (Et2PCH2CH2)(Ph)PCH2P(Ph)(CH2CH2PEt2), therefore our
first choice was
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P{1H} and 1H NMR. Both 1H and

100% and a spin of one-half.8a Expected
range of 100 to -30 ppm and the

31

31

31

P nuclei have abundance of

P data for our complexes is in the

P{1H} spectrum should show P-P and Rh-P
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couplings. In a broad-band (BB) phosphorus decoupling experiment the
decoupler is turned on at high frequency power. The phosphorus resonances are
irradiated and the 1H NMR spectra will show the reduced

31

P coupling and

collapsed patterns. More specific H-P coupling details can be provided with a
narrow-band (NB) phosphorus decoupling experiment in which decoupler power
is low and the irradiation frequency corresponds to the resonance of a particular
phosphorus nucleus.8a
More sophisticated techniques for studying H-P couplings and correlations
are heteronuclear multiple quantum coherence (HMQC) and heteronuclear
multiple bond correlation (HMBC) spectroscopy. HMQC spectroscopy shows
correlations of coupled heteronuclear spins across a single bond, therefore
directly bounded nuclei can be identified. The cross-peaks in the 2D spectrum
obtained in this experiment provide information about the couplings between 1H
directly connected to a second nucleus. The HMBC technique shows correlations
of coupled heteronuclear spins across multiple bonds. The cross-peaks in this
spectrum represent the coupling pathways of a proton and a heteronuclei.9 Thus,
the experiment could be used in our work to assign the connectivities between 1H
and

31

P through more than one bond. The HMBC technique is particularly useful

for our dirhodium tetraphosphine ligand system to identify the internal and
external phosphines via couplings to the terminal ethyl groups or internal phenyl
rings on the et,ph-P4 ligand. Similarly, correlations between the hydride
resonances and phosphines can help us in proposing structures.
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Since our catalytic system contains a number of compounds that vary over
time and with different temperatures and pressures, fairly complex 1D

31

P{1H}

spectra were seen with overlapping phosphorus resonances. Therefore,
homonuclear

31

P{1H}/31P{1H} two-dimensional (2D) correlated spectroscopy

(COSY) was used to sort out the phosphorus correlations. The COSY experiment
was very important for our studies because there was little overlap of the
correlation peaks in the 2D COSY spectrum. In the COSY experiment chemical
shifts are correlated along two frequency axes (projection F1 and projection F2).
The pulse sequence is: 90o - t1 - 90o(45o) - t2, where t1 is the time elapsed since
90o pulse, t2 is the time period for data acquisition, 90o is the first pulse length,
and 90o(45o) is the second pulse length which could be 90o or 45o. The signal is
obtained as function of time t2 and Fourier transformed to yield signals at the
various resonance frequencies. The diagonal represents the 1D spectrum and
cross-peaks show the nuclei couplings or connectivities.8a,b
2.2 Background
Dr. Rhonda Matthews, a former member of Stanley research group,
employed in situ high-pressure 1H and
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P NMR and IR spectroscopy to gain

structural information on the reaction intermediates and fragmentation species
formed under hydroformylation conditions. Dr. Matthews examined our
[Rh2(nbd)2(et,ph-P4)](BF4)2 hydroformylation system through the use of onedimensional (1D)

31

P{1H} and proton NMR,

two-dimensional (2D) correlated

spectroscopy (COSY), nuclear Overhauser effect (NOE), and FT-IR and was
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able to identify some of the complexes present in the reaction mixture.10 In her
preliminary in situ NMR studies changes of the 1D spectra of the catalytic
precursor solution were observed when the experiment was carried out at
different temperatures or when different CO pressures were used. These
changes clearly indicated that dynamic exchange processes between rhodium
complexes takes place in the catalytic mixture. Three carbonyl complexes rac[Rh2(CO)6(et,ph-P4)](BF4)2, [Rh2(CO)5(et,ph-P4)](BF4)2, and [Rh2(CO)4(et,phP4)](BF4)2 were found to form in the reaction mixture under different pressures of
CO gas. The hexacarbonyl complex was determined by in situ 1H and

31

P{1H}

NMR and FT-IR spectroscopy. The pentacarbonyl species formed by the facile
loss of one carbonyl ligand and was isolated as yellow-orange crystals,
characterized by X-ray crystallography. It was proposed to be the resting state of
the catalyst.
The structure of the key hydroformylation catalyst, rac-[Rh2H2(CO)2(µCO)2(et,ph-P4)]2+, was also identified by

31

P{1H}, 1H NMR, COSY, and NOE.

Structures of [Rh2(CO)5(µ-CO)2(η3-et,ph-P4)]2+, A, [Rh2(µ-H)2(η4-et,ph-P4)2]2+, B,
and [Rh2H2(µ-H)2(CO)2(et,ph-P4)]2+, C, complexes (Fig. 2.1) were proposed
based on the chemical shifts and coupling constants found in the NMR spectra.
Fragmentation of catalyst was also proposed. Unfortunately, we now believe that
species A, B, and C are incorrectly formulated. Thus, my goal in this research
area was to conduct additional in situ high-pressure experiments employing
different NMR methods in order to make better structural assignments.
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Figure 2.1. Proposed [rac-Rh2(CO)5(µ-CO)2(η3-et,ph-P4)]2+, A, [rac-Rh2(µ-H)2(η4et,ph-P4)2]2+, B, and [rac-Rh2H2(µ-H)2(CO)2(et,ph-P4)]2+, C.
2.3 In Situ Analysis of the Dicationic Catalyst Precursor
2.3.1 Solvent Variations
To obtain data suitable for the structural analyses of the complexes present
in the catalytic solution two sets of experiments were conducted. First series of
experiments was conducted in high-pressure NMR tubes using variety of solvent
systems. Hydroformylation activity of the catalyst depends on the solvent,
therefore acetone, DCM and acetone/DCM mixture were used. Since best
hydroformylation results11 were obtained in 30% H2O/ acetone mixture it was
also used as solvent in the in situ experiment. It was found that the reaction
proceeds very slowly in DCM, which is most likely due to the electronic
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repulsions which prevent the rotation of the initial dirhodium complex from an
open-mode to a closed-mode structure. The best system for the purposes of in
situ spectroscopic studies was acetone/10% d2-DCM and this was analyzed by
1

H NMR and 31P NMR.
A second set of experiments was performed in Parr autoclaves where more

concentrated solutions of [Rh2(nbd)2(et,ph-P4)](BF4)2/acetone were put under 1:1
H2/CO pressure (90 psig) and heated to 90oC. The purpose of these experiments
was to kill the catalyst and try to isolate the fragmented Rh species. It was hoped
that some of these complexes would crystallize out of the slowly cooled reaction
mixture in the autoclave. Unfortunately all attempts to crystallize and isolate Rh
complexes from these experiments were unsuccessful. Different concentrations
of the solution (21 mM typically) were used and no olefin was injected to the
system during these autoclave runs. After 5 hours the catalyst mixture was
analyzed by
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P NMR and showed the same spectrum as the one obtained from

in situ NMR studies of the catalytic solution after 24 to 72 hours at room
temperature.
The in situ NMR experiments were conducted in a Wilmad high pressure
NMR tube with a Teflon valve (model 524-PV-7) (Fig.2.2) under conditions
similar to the conditions of a typical hydroformylation run (1.0 mM solution of
[Rh2(nbd)2(et,ph-P4)](BF4)2 in acetone; 90 psig 1:1 H2/CO; 90°C). The NMR
solutions were prepared in higher concentration (typically 30-40 mM) using
acetone/10% d2-DCM as solvent. 200-250 psig of 1:1 H2/CO gas was applied to
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Figure 2.2. Wilmad high pressure NMR tube (model 524-PV-7) with a Teflon
valve
the 40 mM catalytic precursor solution in the tube at 25oC. Due to the small
volume in the NMR tube, it needed to be open to H2/CO gas for 30-40 minutes
with vigorous shaking every 5 minutes to ensure that the catalyst precursor will
fully react and convert to product species. Change of the solution color from
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orange to dark red was seen immediately after applying the syn gas to the NMR
tube (Fig. 2.3).

Figure 2.3. H2/CO gas addition to the high pressure NMR tube charged
with[Rh2(nbd)2(et,ph-P4)](BF4)2 in acetone/10% d2-DCM
During this reaction the Teflon valve was wrapped with Teflon tape to prevent the
valve from being blown out at higher pressures. The NMR spectra were collected
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on Bruker DPX-250, ARX-300, DPX-400, or AMX-500 instruments with TMS and
H3PO4 used as references. The progress of the reaction was monitored and
excellent 1D and 2D
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P{1H} and 1H NMR data was collected over period of one

month. Selected spectra and the analyses of the data follow in part 2.3.2.
Best hydroformylation results11 with our dirhodium catalyst were obtained in
30% H2O/acetone mixture, therefore, it was used as the solvent in the in situ
experiment. The

31

P{1H} NMR spectrum obtained in this solvent was similar to

the one obtained from acetone/10% d2-DCM, but formation of less fragmentation
species was observed. This is due to the presence of water which is proposed to
inhibit the fragmentation species and stabilize the catalyst.
2.3.2 1D and 2D NMR Results
The

31

P{1H} 1D spectra of the sample prepared in acetone/10% d2-DCM

was obtained first. The progress of the reaction was monitored and the first NMR
data was obtained 1 hour after pressurization (Fig. 2.4). The spectrum shows the
presence of two major sets of resonances at 61.5 and 75.8 ppm. The coupling
constants and

31

P connectivity indicate a symmetrical bimetallic species. Based

on this and previous10 NMR studies this species was identified as the open-mode
pentacarbonyl complex Rh2(CO)5(et,ph-P4)]2+,1. There were also two broad
peaks observed at 68 and 75 ppm that we believe represent the formation of the
hydride-containing catalyst complexes, discussed in detail in part 2.4.2. The
resonances at 49 and 63 ppm belong to a third species present in the reaction
mixture, most likely a fragmentation complex.
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Figure 2.4. In situ 31P{1H} spectrum of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2 after 1
hour (200 psig 1:1 H2/CO; 25oC; acetone/10% d2-DCM)
The
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P{1H} spectrum in Figure 2.5 was obtained after 3 days. This

spectrum contains numerous phosphorous resonances and was very similar to
the one obtained by Dr. Matthews. Based on the

31

P COSY and coupling

patterns at least five species are present in the catalyst solution. An attempt to
separate some of the products in the mixture using thin layer chromatography
(TLC) techniques was unsuccessful.
From our previous research10 it was known that at least three of the
species in the catalytic mixture contain hydride ligands. Thus,

1

H NMR

experiment was conducted and the data was used to study the complexes
observed by both 1H and

31

P{1H} 1D NMR. The 1H spectrum of the catalyst
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precursor in d6-acetone showed signals from 12.0 to -18.0 ppm but we were
particularly interested in the upfield signals where hydride ligands are expected
to resonate (Fig. 2.6). Although the intensity of these signals was very low, the
presence of at least three hydride-containing species in the catalytic solution was
confirmed.

Figure 2.5. In situ 500 MHz 31P{1H} spectrum of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2
after 3 days (200 psig 1:1 H2/CO; 25oC; acetone/10% d2-DCM)
The doublet of pseudo-quartets at -8.8 ppm represents a hydride complex
with a large coupling constant of 164 Hz. Dr. Mathews reported that this signal
collapses to a doublet of doublets in the broad-band

1

H{31P} experiment,

therefore, this coupling was tentatively assigned to large Rh-H coupling. A
pseudo-nonet at -18.3 ppm was found to collapse to one doublet of doublets in

30

the

31

P decoupled 1H experiment which was initially interpreted as a dirhodium

complex with two different sets of Rh-H couplings. The broader set of
resonances at -9.4 and -11.7 ppm which were found to grow with same intensity,
represents the third hydride complex in the reaction mixture.

60°C

20°C

-55°C
-9

-11

-13

-15

-17

Figure 2.6. 1H spectrum of the hydride region (acetone).
Variable temperature 1H spectra obtained by Dr. Matthews10 showed that
this species (-9.4 and -11.7 ppm resonances) is in rapid dynamic exchange with

31

at least one other Rh complex. The 1H experiment was carried out at 60oC and
the spectrum showed the collapse of the above resonances into a single broad
peak at -10.5 ppm. In the spectrum of the experiment at -55oC two hydride
resonances are seen. The resonance at -11.7 ppm sharpens to a well defined
pseudo-nonet, which we believe is consistent for a bridging hydride rhodium
complex, while the resonance at -10.5 ppm is less resolved and is proposed to
be a terminal hydride.
To better understand the phosphorus coupling pathways of the
compounds, the rac-[Rh2(nbd)2(et,ph-P4)](BF4)2 mixture was analyzed by

31

P{1H}

COSY (Fig. 2.7 and Fig. 2.8). The 2D spectrum showed the presence of five
different compounds containing phosphine ligands. The COSY experiment
verified the coupling of the doublet of doublets at 59.9 ppm with the one at 72.4
ppm and these peaks were assigned to the [rac-Rh2(CO)5(et,ph-P4)]2+,1.
The 2D spectrum showed a correlation between the resonances at -3.3
and 35.0 ppm. These indicate a symmetrical rhodium species containing two
types of phosphorus atoms. The large upfield chemical shift at -3.3 ppm may be
consistent with the presence of a four-membered bis(phosphino)methane chelate
ring12 and phosphines trans to hydride ligands. A connectivity between the
multiplet hydride resonance at -18.3 ppm and these symmetrical
was found through the use of a

31

31

P resonances

P-1H HMQC experiment. Based on this

correlation and the large upfield shift in the

31

P spectrum, the monometallic

species, [rac-RhH2(η4-et,ph-P4)]+,10 was proposed.
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Figure 2.7. In situ 500 MHz 31P{1H}/31P{1H} COSY spectrum of [racRh2(nbd)2(et,ph-P4)](BF4)2 (200 psig 1:1 H2/CO; 25oC; acetone/10% d2-DCM; 3
days) showing connectivities between phosphorus resonances.
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Figure 2.8. Expended view of the in situ 500 MHz 31P COSY spectrum of [racRh2(nbd)2(et,ph-P4)](BF4)2 (200 psig 1:1 H2/CO; 25oC; acetone/10% d2-DCM)
showing connectivities between phosphorus signals in the 85 - 55 ppm region.
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There was overlapping of the signals in the 59-62 ppm region in the 1D
spectrum, but

31

P COSY spectrum clearly showed couplings between the four

sets of resonances at -7.9, 22.5, 61.5, and 77.0 ppm. These resonances arise
from the presence of a compound containing four different types of phosphorous
atoms. Prof. Stanley originally proposed this as the dirhodium η3-coordinated
complex [rac-Rh2(CO)5(µ-CO)2(η3-et,ph-P4)]2+ (complex A in Fig. 2.1). But the
31

P-1H HMQC spectrum shows the correlation between these signals and the

hydride resonance at -8.8 ppm. The presence of strong P-P couplings from the
77 and 61 ppm resonances indicates that two et,ph-P4 ligands are coordinating
to two Rh centers. Thus, these resonances are proposed to be due to [rac,racRh(η4-et,ph-P4)2RhH2]2+, 11. More details on this will be presented in section 2.4.
1D

31

P spectrum showed the presence of a low intensity doublet of

quartets at 30.4 and doublet of doublets at 65.0 ppm and coupling between these
two resonances was seen in the

31

P COSY spectrum. 1H and

31

P-1H HMQC data

did not indicate the presence of hydride ligands in this compound, although the
low intensity of these resonances would make it very difficult to see the hydrides.
This species was not observed in the reaction mixture immediately after the
H2/CO gas was applied, but it was found in numerous samples older than 3-5
days. It was also observed that the compound continued to form with aging of the
sample. Although the in situ NMR data shows the presence of two different
phosphorus atoms and perhaps no hydride ligands, to date we have not been
able to assign a structure to this complex.
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There are two sets of signals at 77.4 and 39.0 ppm that did not show any
correlations in any of the COSY experiments we have run. In series of

31

P{1H}

experiments, however, it was observed that these resonances always appeared
together and in the same intensity ratio. The signals were connected and
tentatively assigned to be the closed-mode tetracarbonyl complex [Rh2(CO)2(µCO)2(et,ph-P4)]2+, 9.
Broad exchanging resonances at 68.0 and 75.0 ppm appeared in the 1D
31

P spectrum and did not show any correlation in the COSY spectrum, which is

common for exchanging complexes. However, in the previous low temperature
31

P experiment10,13 both resonances sharpened, indicating connectivity. These

broad signals are observed in the spectrum immediately after H2/CO
pressurization (Fig. 2.1), which is an indication that a reasonably symmetrical
species is forming with the addition of H2 to complex 1. The 1H spectrum of the
catalyst solution in acetone also showed the presence of a broad exchanging
hydride species at -11.0 ppm. The high temperature complex is assigned as [racRh2H2(µ-CO)2(CO)x(et,ph-P4)]2+, 4, (x = 0, 1, 2) the key hydride containing
hydroformylation species that is proposed to react with alkene. Detailed
discussion of 4, the other possible complex it is in equilibrium with, and 9 follows
in part 2.4.
The 31P{1H} NMR spectrum in figure 2.9 shows the reaction mixture after 5
weeks. It can be seen that at least two of the species resonating at -8.2, 22.1,
60.5, 71.9 ppm, complex 11, and at -3.3 and 30.4 ppm, complex 10, were not
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present at this late stage of the reaction. Rather, new species showing complex
signals at 55.0 and 60.0-80.0 ppm region have formed. The new complex that
has grown in and has resonances at 30.4 and 65.0 ppm appears to be the
unidentified species X seen in the 1D and COSY

31

P spectra taken earlier. Since

this late reaction stage probably does not correspond to the active catalyst
solution, detailed studies on these species were not performed, although they
may represent additional fragmentation reactions of the tetraphosphine ligand.

X

p p m

6 0

4 0

2 0

0

Figure 2.9. In situ 250 MHz 31P{1H} spectrum of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2
after 5 weeks (200 psig 1:1 H2/CO; 25oC; acetone/10% d2-DCM)
The comparison of

31

P{1H} NMR spectra obtained in 30% water/acetone

and acetone/10% d2-DCM is shown in Figure 2.10. The presence of water is
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proposed to inhibit the fragmentation species and stabilize the catalyst. This is
why formation of less fragmentation species was seen during this experiment.

Figure 2.10. In situ 700 MHz 31P{1H} spectra of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2
under the conditions shown
In situ FT-IR analysis of the dicationic catalyst has also been quite
important in making assignments of some of the rhodium structures present
during hydroformylation. The high pressure IR cell is shown in figure 2.11. The
FT-IR experiments were carried out in acetone, DCM, and 1:1 acetone/DCM
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Figure 2.11. High pressure IR cell

mixture10 and some of the IR spectra are shown in figure 2.12. Acetone is one of
the better solvents for our hydroformylation runs and the FT-IR spectrum of the
catalyst solution (90 psig 1:1 H2/CO, 90ºC) obtained in acetone (Fig. 2.12) shows
pronounced bridging carbonyl bands in the 1832 cm−1 region. The dirhodium
catalyst, although highly soluble in CH2Cl2, only runs about 25% as fast relative
to acetone. The bridging carbonyl bands in CH2Cl2 (Fig. 2.12) are barely visible.
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Intermediate intensity of the bridging carbonyl bands and intermediate catalyst
activity is seen using a 1:1 mixed acetone:CH2Cl2 solvent system. Based on this
we believe that the intensity of the bridging carbonyl bands at 1830 cm−1 is
directly related to the dirhodium catalyst activity.

a)
1833
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Figure 2.12. In situ FT-IR spectrum of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2 under 90
psig 1:1 H2/CO and 90oC in (a) DCM; (b) 1:1 acetone/DCM mixture; (c) acetone
Bridging CO bands with different intensities and shapes were observed
during these IR studies, which was an indication that there is more than one

40

dirhodium complex with bridging carbonyls are present in the catalytic solution.
The higher terminal CO stretching frequencies observed in the IR spectra also
indicate that the rhodium centers have considerably lower electron densities
consistent with the proposed localized cationic charge on each Rh center.13
As discussed earlier in this chapter, best results11 with our dirhodium
catalyst were obtained when the hydroformylation is carried out in 30%
H2O/acetone mixture (TOF = 73 min-1, 33:1 linear/branched regioselsectivity; less
than 0.5% alkene isomerization). Therefore this solvent is also a good choice for
the IR experiment.
2.4 Characterization of the Proposed Species
2.4.1 [rac-Rh2(CO)5(et,ph-P4)]2+, 1
31

P{1H} COSY spectrum showed couplings between the doublet of

doublets at 59.9 ppm and doublet of doublets at 72.4 ppm when the reaction was
carried at room temperature under 200 psig 1:1 H2/CO. These signals were
observed in the 1D

31

P{1H} spectrum after less than an hour from the beginning

of the experiment (see Fig. 2.4). They were also observed when we start the
experiment with [rac-Rh2(CO)4(et,ph-p4)]2+ and pressurize it with just CO.10 The
31

P resonances indicate the presence of a symmetrical dirhodium complex which

is the major species in the catalytic solution at this stage of the reaction. This
species has been proposed to be the open-mode pentacarbonyl complex [racRh2(CO)5(et,ph-P4)]2+, 1, which is believed to be the resting state of the
dicationic catalyst based on its generally high intensity in the in situ spectra.
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The upfield somewhat broader signals at 59.9 ppm are proposed to be
due to the external phosphines, while the downfield doublet of doublets are
assigned to the internal phosphines. The Rh-Pexternal coupling constant was 124.6
Hz and Rh - Pinternal was 112.4 Hz, which is in general agreement with the Rh-P
distances found in the X-ray analysis of the structure (Rh1-Pinternal =2.331Å, Rh1Pexternal =2.318Å, Rh2- Pinternal =2.392Å, Rh2-Pexternal =2.342Å).
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Figure 2.13. The tetra-, penta-, and hexacarbonyl dirhodium complexes existing
in CO dependant equilibrium.
A second experiment was performed with catalyst precursor using 200
psig of CO gas. As seen in the previous studies10 the one

31

P resonance shifts

somewhat depending on the CO pressure. With an increase in CO pressure the
upfield resonance shifts further upfield to approximately 59 ppm. Previous
studies performed in our group10,13 demonstrated that applying excess CO gas to
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[rac-Rh2(CO)4(et,ph-P4)]2+ results in the formation of a rapidly exchanging
mixture of the bimetallic tetra-, penta- and hexacarbonyl complexes [racRh2(CO)x(et,ph-P4)]2+ (x = 4, 5, 6) (Fig. 2.13). Therefore it was concluded that
the 59.9 and 72.4 ppm resonances represent an exchanging mixture mainly of 1
and 1a. Under catalytic conditions we believe that the pentacarbonyl dirhodium
complex is the primary species present.
The X-ray analysis of 1 (Fig. 2.14) shows an open-mode structure with two
Rh metal centers bridged by the et,ph-P4 and two BF4 anions.10 The complex is
dicationic with each Rh atom in a +1 oxidation state. The geometry around the
five-coordinated 18-electron rhodium center is distorted trigonal bipyramidal. The
four-coordinated center is 16-electron with square planar geometry and only two
carbonyl ligands. This unsaturated environment around the second Rh center is
excellent for the H2 to coordinate to in order to begin the catalytic reaction.

2+
O4

P1

C’

P2

Rh1

C2

C4
O5

C5
Rh2

O2

C1

P3

P4
C3

O1

O3

Figure 2.14. ORTEP for [rac-Rh2(CO)5(et,ph-P4)]2+, 1.10
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2.4.2 Key Hydride Complex [rac-Rh2H2(µ-CO)2(CO)2(et,ph-P4)]2+, 4
Two broad exchanging

31

P peaks at 68.0 and 75.0 ppm were noticed to

appear immediately after the addition of H2/CO gas. This is an indication that a
symmetrical species is forming from the addition of H2 to [Rh2(CO)5(et,ph-P4)]2+.
The 1H NMR of the hydride region is shown in figure 2.6 (p. 30). Initially, the
hydride NMR data was collected at room temperature and the broadish hydride
signals at -9.4 and -11.7 ppm on the spectrum were proposed to arise from two
Rh-H complexes which are in dynamic exchange (see fig. 2.5). In the spectrum
obtained at -55oC the two resonances sharpened and showed a pseudo-nonet at
-11.7 ppm. This species is proposed to be the dirhodium complex [rac-Rh2(µH)(µ-CO)H(CO)3(et,ph-P4)]2+, 3, which we propose is in dynamic equilibrium with
the Rh(II) complex, [rac-Rh2H2(µ-CO)2(CO)x(et,ph-P4)]2+, 4, (x = 0, 1, 2) the key
catalyst complex in our hydroformylation reaction (Fig. 2.15) that reacts with the
alkene. When the NMR data was collected at 60oC the two resonances collapsed
into a single broad peak at -10.5 ppm that we propose is symmetrical complex 4.

Figure 2.15. [rac-Rh2(µ-H)(µ-CO)H(CO)3(et,ph-P4)]2+, 3, [rac-Rh2(µH)2(CO)4(et,ph-P4)]2+, 3*, and [rac-Rh2H2(µ-CO)2(CO)2(et,ph-P4)]2+, 4.
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The 1H NMR experiment and the DFT calculations performed by Zakiya
Wilson suggest the existence of a third complex [rac-Rh2(µ-H)2(CO)4(et,phP4)]2+, 3* similar to 3 and 4 and being in dynamic equilibrium with them. The
calculated energies for 3*, 3, and 4 are 1.9 kcal/mol, 0.0 kcal/mol, and 11.2
kcal/mol, respectively. Although 3, 3*, and 4 (isomers of one another) are all
likely candidates for the catalyst complex that reacts with alkene, we continue to
favor 4 as the key hydride-containing catalyst.

This is mainly due to the

apparently strong correlation of higher bridging carbonyl band intensity around
1830 cm−1 with hydroformylation catalyst activity. Figure 2.12 showed that the
highest bridging carbonyl band intensity occurred in acetone, which is also where
we see higher catalyst activity relative to CH2Cl2 or 1:1 CH2Cl2:acetone. Figure
2.16 shows the FT-IR of:

A) [rac-Rh2(CO)4(et,ph-P4)]2+, 1a; B) [rac-

Rh2(CO)5(et,ph-P4)]2+, 1; C) the catalyst solution in 1:1 CH2Cl2:acetone under
90 psig 1:1 H2/CO at 25ºC; D) same solution at 90ºC; and E) the catalyst solution
under 90 psig of 1:1 H2/CO in acetone at 90ºC.
Note that the catalyst solution under 90 psig of H2/CO at 25ºC (spectrum C
in Fig. 2.16) shows little or no bridging carbonyl bands at 1830 cm−1. Nor does it
show any hydroformylation activity for normal alkenes like 1-hexene at this
temperature (norbornadiene, an extremely active alkene substrate due to the
strained C=C bonds, is slowly hydroformylated at room temperature). In fact,
spectrum C appears to be primarily a superposition of the tetracarbonyl (1a) and
pentacarbonyl (1) complexes, plus a low intensity, currently unidentified carbonyl
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Figure 2.16. FT-IR spectra of catalyst precursors and catalyst
solutions under different conditions.
band at 1950 cm−1. This unidentified terminal carbonyl band is probably from
one of the hydride containing dirhodium species, perhaps the saturated openmode complex [rac-Rh(CO)3(et,ph-P4)RhH2(CO)2]2+, similar to 2 in the
proposed bimetallic hydroformylation mechanism (Fig. 1.5) only with one of the
hydrides trans to a carbonyl.
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Hydroformylation activity for 1-hexene doesn’t really initiate until about
80ºC, which is about when the bridging carbonyls bands in the IR start to grow in.
This is also close to the temperature where the hydride resonance assigned to
the active catalyst complex in the NMR has coalesced into a single symmetrical
peak.

All this reactivity and spectroscopic data is most consistent with [rac-

Rh2H2(µ-CO)2(CO)x(et,ph-P4)]2+, 4 (x = 0, 1, 2) as the higher temperature
symmetrical dihydride bridging carbonyl complex that is the key complex that
reacts with alkene to initiate hydroformylation.
2.4.3 [Rh2(CO)2(µ-CO)2(et,ph-P4)]2+, 9
1D

31

P{1H} spectrum (see fig. 2.2) shows doublets at 77.4 and 39.0 ppm.

These resonances were the only ones that did not show any connectivity in the
31P COSY experiments. We believe, however, that the resonances are

connected because they always occur together and in the same intensity ratio in
every

31

P{1H} experiment performed on our system under a variety of different

conditions. 1H and HMQC experiments did not show any relations between the
hydride and these

31

P{1H} resonances. The signals, therefore, indicate the

presence of a stable symmetrical rhodium complex with no hydride ligands. We
tentatively assign this to be the closed-mode tetracarbonyl complex [Rh2(CO)2(µCO)2(et,ph-P4)]2+, 9 (Fig. 2.17).
The NMR data was obtained on the 500 MHz Bruker instrument with line
broadening of 2.00 Hz. Next, a resolution enhanced experiment in which the LB
was lowered to -2 Hz was performed and showed that the upfield signal at
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around 39.0 ppm is actually a doublet of triplets (dt) at 39.57 and 39.00 ppm.
These resonances are proposed to arise from the external phosphines of 9 with a
Rh-P coupling constant of 116.4 Hz (due to the low intensity of the triplets P-P
coupling constant could not be accurately calculated). The downfield doublet at
77.4 ppm was proposed to be due to the internal phosphines (JRh-P = 117.7 Hz).
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Figure 2.17. [rac-Rh2(CO)2(µ-CO)2(et,ph-P4)]2+, 9.
2.4.4 Fragmentation Complexes, [rac-RhH2(η4-et,ph-P4)]+, 10 and
[rac,rac-Rh(η4-et,ph-P4)2RhH2]2+, 11
Complexes [RhH2(η4-et,ph-P4)]+, 10 and [Rh(η4-et,ph-P4)2RhH2]2+, 11
are proposed to form in the catalytic mixture due to fragmentation of the catalyst
during hydroformylation. The structures of these compounds (Fig. 2.18) have
been proposed after careful analyses of the

31

P and 1H in situ NMR data and

comparisons with spectroscopic and crystallographic data obtained from the
mono- and dirhodium species, RhCl2(η4-et,ph-P4)BF4 and [Rh2(η4-et,phP4)2](BF4)2, synthesized in our laboratory (discussed further in chapter 3).
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Figure 2.18. [rac-RhH2(η4-et,ph-P4)]+, 10 and [rac,rac-Rh(η4-et,phP4)2RhH2]2+, 11.
Literature searches on rhodium (I) and rhodium (III) hydride complexes
also provided numerous examples to which [RhH2(η4-et,ph-P4)]+, 10 and [Rh(η4et,ph-P4)2RhH2]2+, 11 can be compared. In 1971 Schrock and Osborn15 reported
synthesis and properties of series rhodium cationic complexes, including
[Rh{P(CH3)2C6H5}4H2]PF6 and [Rh{P(CH3)3}H2]PF6. For both species authors
observed that the

31

P resonance of the phosphorus atoms trans to hydride

ligands appears about 10 ppm downfield (second order) than the signal from
phosphorus atoms trans to another phosphorus (JRh–P ~ 100 Hz). The pattern
was confirmed by their calculations of the NMR spectra. This observation is
valuable for our interpretation of the dirhodium complex, since presence of
mutually trans phosphines and two hydride ligands are being proposed.
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Bianchini et al.16 prepared [RhH2P(CH2CH2PPh2)3]BF4, which exhibits
different geometries at different temperatures. The phosphorous atoms trans to
hydride ligands show the most downfield signals and the mutually trans
phosphines resonate further upfield on the

31

P spectrum. Tsai and Nicholas17

have spectroscopically studied [RhH2(PMe2Ph)4]BF4 and related rhodium
dihydride complexes. The

31

P NMR signals of this species appeared as doublet

of triplets at 0.93 and -11.03 ppm and 1H spectrum showed high-field resonances
at -10.1 ppm with a trans P-H coupling constant of 153.3 Hz, and -8.9 ppm with a
P-H coupling of 163.4 Hz. Heinekey et al18 reported their studies on TpRhH2(PR3)
(Tp = hydrotris(1-pyrazolyl)borate) and a series of related metal hydrides.
Marder19 and co-workers spectroscopically analyzed [RhH2(PMe3)4]+ and
[RhH2(dppp)2]+ (dppp = Ph2PCH2CH2CH2PPh2) and reported JRh-P to be in the
range of 85-100 Hz and JP–P in the range of 27-30 Hz.
2.4.4.1 [RhH2(η4-et,ph-P4)]+, 10:
The structure of a monorhodium species proposed to be present in the
catalytic solution was identified by obtaining the correlations of resonances from
1D and 2D 31P, 1H, and HMBC spectra. The 31P{1H} spectrum of the solution (see
fig. 2.4) showed strong symmetrical set of peaks at -3.3 and 35.0 ppm and the
31

P-31P COSY experiment (see fig. 2.7) confirmed their connectivity. The signals

from this compound appeared in the hydride region of 1H spectrum as pseudononet at -18.3 ppm. This appeared to collapse to a doublet of doublets upon

31

P

decoupling (experiments from Dr. Mathews that need to be rechecked due to
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questions about the previous 1H{31P} studies . The correlation between the
phosphines and the hydride was determined by a

31

P-1H HMBC experiment. The

presence of a four-membered bis(phosphino)methane chelate ring12 shifts the
phosphorus resonances further upfield in the

31

P spectrum, therefore the large

upfield position at -3.3 ppm is proposed to be due to the internal phosphorous
atoms that are trans to the hydrides. The downfield resonances correspond to
the external phosphorous atoms. The internal phosphines have Rh–P coupling
constant of 148.3 and P–P coupling constants of 24.8 Hz. The Rh–P coupling
constant for the external phosphines was calculated to have a value of 131.7 Hz
and J(P–P) is 16.0 Hz. J(Rh–H) was calculated to be 30 Hz and J (H–H) was 15 Hz.
The final piece of data that makes us reasonably confident about the
proposed structural assignment of 10 comes from the very similar 31P NMR
spectrum seen for [rac-RhCl2(η4-et,ph-P4)]+, initially prepared by Dr. Clinton
Hunt in our labs and discussed further in Chapter 3.

This Rh(III) dichloride

complex has been crystallographically characterized multiple times (another
structure is shown in Chapter 3) and has a distorted octahedral structure with the
two internal phosphines of the et,ph-P4 ligand forming a 4-membered chelate
ring to the Rh center.

The chlorides are distorted up and down from the

bis(phosphino)methane-Rh chelate plane.
We believe that the combination of the 4-membered chelate ring and the updown distortion of the hydride ligands in 10 plays an important role in reducing
the trans P-H coupling constant for this complex.
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The hydride resonance

assigned to 10 is shown Figure 2.20 along with the 31P-decoupled hydride
spectrum collected by Drs. Matthews and Treleaven.

The largest coupling

constant present is only about 30 Hz, but one might have expected a much larger
trans P-Rh-H coupling constant (e.g., 160 Hz) based on our proposed structure.
A large P-H trans coupling constant is not observed, we believe, due to the 4membered chelate ring that closes down the P-Rh-P angle to about 74º and the
up-down distortion of the hydrides due to the η4-chelating P4 ligand. The trans
P-Rh-Cl angles in [rac-RhCl2(η4-et,ph-P4)]+ are, for example, only 165º. The
compressed 4-membered chelate ring should cause orbital rehybridizations on
the Rh that further reduce magnitude of the P-Rh-H coupling pathways.

Figure 2.19. Expansions of the -18.5 ppm hydride resonance
showing the 31P-decoupled spectrum on top.
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2.4.4.2 [Rh(η4-et,ph-P4)2RhH2]2+, 11:
The structure of [rac,rac-Rh(η4-et,ph-P4)2RhH2]2+, 11 was determined
based on the

31

P{1H} and 1H NMR spectrum of the reaction mixture. It was

proposed that the complex consists of Rh(I) and Rh(III) atoms bridged and
chelated by two et,ph-P4 ligands, with two hydride ligands. The hydrides are
bonded to the Rh(III) center trans to the two internal phosphorus atoms and the
external phosphorus atoms are trans to each other. This symmetrical complex
exhibits a doublet of quartets at -8.8 ppm in the hydride region of the 1H
spectrum with large coupling constant of 164 Hz. This pattern was observed
when the data was collected either at 250 or 700 MHz field strength. We propose
that the large coupling constant is due to trans 2J(P-H) coupling. This observation
is also supported by our HMBC H-P experiment in which coupling between
phosphine from complex 11 and hydride ligands was seen.
Broad-band 1H-31P decoupling experiment performed by Dr. Matthews
and Dr. D. Treleaven showed that the signals at -8.8 ppm collapsed to a doublet
of doublets and the coupling constant of 164 Hz was observed again. This is way
initially the 164 Hz coupling constant was believed to be due to 1J(Rh-H). At that
time the 1H doublet of quartets was assigned by Dr. Matthews and Prof. Stanley
to the catalytic complex [rac-Rh2H2(µ-CO)2(CO)2(et,ph-P4)]2+, 4. The structure of
the complex and the in situ NMR data was published in Angewandte Chemie20
and even became the cover picture of the issue. It was proposed that the large
1

J(Rh-H) coupling constant may be a distinctive feature of bimetallic Rh(II)
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dihydride complexes as no literature analogs were found. Further analyses and
correlations with the

31

P data, however is indicating that this was an incorrect

assignment.
31

P NMR spectrum showed the presence of a rhodium complex containing

four different phosphorus atoms giving multiplets at -7.9, 22.5, 61.5, and 77.0
ppm. The most downfield resonance at 77.0 ppm showed strong coupling with
the neighboring signals at 61.5 ppm on the COSY spectrum, therefore it was
proposed to arise from the external phosphines bonded to the Rh(I) atom (JRh–P=
228.0 JP–P= 77.5). The resonance at 61.5 ppm arises from the internal
phosphines of the same Rh (JRh – P= 227.9 JP – P= 78.6). The large Rh-P and P-P
coupling constants indicate mutual trans phosphines, therefore the square planar
Rh(I) portion of complex 11 was formulated.
The presence of two strong electron donating hydride ligands on the
Rh(III) atom shifted the signals from the phosphorus atoms further upfield. To
assign the correct signal for each P atom the data was compared with the
previously mentioned literature examples15,16 which showed similar patterns.
Based on all the information it was concluded that the multiplet at 22.5 ppm
belongs to the internal phosphines and the most upfield signal at -7.9 ppm is
associated with the mutually trans external phosphines. The Rh-P coupling
constant was found to be 116.1 Hz (JP-P = 14) and Rh-P has value of 137 Hz
(JP-P= 24.5 Hz). At the moment, the 164 Hz coupling constant from the 1H{31P}
experiment does not fit with the above described data obtained from numerous in
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situ NMR experiments. Therefore, additional

31

P decoupling 1H and H-P HMBC

experiments are clearly needed.
2.5 Conclusion and Future Work
The catalytic precursor [rac-Rh2(nbd)2(et,ph-P4)](BF4)2 was exposed to
H2/CO gas and resulting solution was spectroscopically studied. By a
combination of one- and two-dimensional in situ NMR and FT-IR experiments the
structures

of

the

CO)2(et,ph-P4)]2+,

complexes
9,

[rac-Rh2(CO)5(et,ph-P4)]2+,

proposed

key

hydride

complex

1

[Rh2(CO)2(µ[rac-Rh2H2(µ-

CO)2(CO)x(et,ph-P4)]2+, 4 (x = 0, 1, 2) and fragmentation products [RhH2(η4et,ph-P4)]+, 10 and [rac,rac-Rh(η4-et,ph-P4)2RhH2]2+, 11 present in the catalytic
solution have been tentatively identified. A summary of the obtained NMR data
(chemical shifts and coupling constants) is presented in table 2.1 and figure 2.20
shows the various assignments in 1-D 31P{1H} spectrum.
Although the number and the type of rhodium complexes present in the
catalytic solution were identified, additional high-pressure NMR experiments will
be necessary to further support our assignments. New broad- and narrow-band
31

P decoupled 1H studies are needed to resolve questions about the previous

results from Dr. Matthews. All of the complexes have rhodium centers, therefore
103
1

Rh NMR experiments should also be done (especially Rh-decoupled

31

P and

H).
Preliminary

103

Rh-1H HMQC studies were performed on our system by Dr.

Sandra Loss (Bruker, Switzerland) and Dr. Heinz Ruegger (ETA, Zurich). These
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Figure 2.20. In situ 31P{1H} spectrum of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2 showing
the assigned species.
experiments, however, need to be done again in order to obtain further
verification of the number of hydride ligands directly bonded to rhodium centers.
Conducting additional in situ

31

P-1H HMBC experiments is also recommended.

The data obtained during these studies further clarifies the interaction between
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phosphorus and proton nuclei and most importantly, reveals information about
the connectivity between phosphines and hydride ligands. Additional in situ IR
and NMR experiments using the 30% water/acetone mixture as solvent will
definitely increase our knowledge about our hydroformylation catalyst.
To avoid fragmentation of our catalytic system during hydroformylation the
design of new ligand is underway in our research group. New tetraphosphine
ligands with more rigid chelate effects should inhibit dissociation of the
phosphines from the rhodium center and minimize fragmentation and formation
of catalytically inactive complexes.
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF MONO- AND
BIMETALLIC RHODIUM TETRAPHOSPHINE COMPLEXES
3.1 Introduction
As discussed in the previous chapter, one of the main goals of my
research is to identify the nature of the catalytically inactive species formed upon
fragmentation of the catalyst precursor during hydroformylation. Thus, the monoand

dirhodium

tetraphosphine

complexes

RhCl2(η4-et,ph-P4)BF4,

12,

Rh(Cl)(CH2Cl)(η4-et,ph-P4)BF4, 13, and [Rh2(η4-et,ph-P4)2](BF4)2, 14, were
synthesized, crystallographically, and spectroscopically studied. The NMR data
from these studies was compared to the data obtained from the in situ NMR
studies of our catalyst precursor, [Rh2(nbd)2(et,ph-P4)](BF4)2. These correlations
were based on the fact that some of the proposed fragmentation species, such
as [rac-RhH2(η4-et,ph-P4)]+, 10 and [rac,rac-Rh(η4-et,ph-P4)2RhH2]2+, 11, have
structures similar to 12 and 14.
Dr. Clinton Hunt1 synthesized and determined several crystal structures of
RhCl2(η4-et,ph-P4)BF4. One of the structures showed a disorder with one of the
Cl ligands replaced by what Dr. Frank Fronczek thought was most likely a CH2Cl
group. This fit well with our proposed mechanism of formation (discussed later)
but we had very little spectroscopic data on this complex. Thus, one goal of this
area in my research was to prepare and spectroscopically characterize RhCl2(η4et,ph-P4)BF4,

Rh(Cl)(CH2Cl)(η4-et,ph-P4)BF4,
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and

[Rh2(η4-et,ph-P4)2](BF4)2

complexes. The possibility of using RhCl2(η4-et,ph-P4)BF4 as starting material for
the synthesis of RhH2(η4-et,ph-P4)BF4, 10, was also explored. This chapter of
the dissertation will describe this work.
[Rh2(nbd)2(me,ph-P4)](BF4)2 was synthesized and successfully used2 as
catalyst for asymmetric hydroformylation (chapter 4). Since the proposed
asymmetric catalytic mechanism is very similar to the one involving the dirhodium
catalyst based on the et,ph-P4 ligand, we also synthesized and characterized the
mono- and dirhodium methyl ligand complexes [RhCl2(η4-me,ph-P4)]BF4 and
[Rh2(η4-me,ph-P4)2](BF4)2. This chapter will also discuss this work concentrating
on the 31P{1H} NMR spectra of these two compounds.
3.2 Synthesis and Characterization of RhCl2(η4-et,ph-P4)BF4, 12
Rh(Cl)(CH2Cl)(η4-et,ph-P4)BF4, 13

and

3.2.1 Synthesis of Complexes 12 and 13
The main purpose of my research in this area was to synthesize
[RhCl2(η4-et,ph-P4)]BF4, 12 and [Rh(Cl)(CH2Cl)(η4-et,ph-P4)]BF4, 13 complexes
(Fig. 3.1) and spectroscopically characterize them. Next, use 12 and 13 as
starting materials for the attempted preparation of [RhH2(η4-et,ph-P4)]BF4, a
complex believed to be one of the catalytically inactive fragmentation products
formed during our hydroformylation reaction.
For the preparation of [RhCl2(η4-et,ph-P4)]BF4 complex Dr. Hunt explored
the reaction of et,ph-P4 ligand with different rhodium compounds such as
Rh2Cl2(CO)4 and [Rh(nbd)2]BF4. The key factor was to use a Rh:et,ph-P4 ratio of
1:1. A variety of solvents such as toluene, MeOH, DCM, and 1,2-dichloroethane
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were used and it was concluded that the highest yields of this mono-Rh(III)
compound are obtained in DCM solution.3

+

PEt2
Ph

Rh

Ph

P

P

Rh

Cl
Cl

PEt2

Figure 3.1. [rac-Rh(Cl)(CH2Cl)(η4-et,ph-P4)]+, 13, and [rac-RhCl2(η4-et,ph-P4)]+,
12.
The crystal structure of [rac-Rh(Cl)(CH2Cl)(η4-et,ph-P4)]BF4 complex which was
believed to co-crystallize with [rac-RhCl2(η4-et,ph-P4)]BF4 was also determined.
In my work d6-acetone was used as the solvate for another recrystallization of
[rac-RhCl2(η4-et,ph-P4)]BF4 and [rac-Rh(Cl)(CH2Cl)(η4-et,ph-P4)]BF4. The use of
acetone was beneficial for our work, since the quality of crystallographic
determination of 12 was better than any of the previous structures and there was
no chloromethyl by-product present in the sample.4 This was verified by our
spectroscopic 31P{1H} NMR data.
12 and 13 were synthesized by adding dropwise one equivalent of mixed
et,ph-P4 ligand to one and an half equivalents of [Rh(nbd)2]BF4 complex at room
temperature. Both reagents were dissolved in DCM prior to the addition. After 4
hours of stirring under nitrogen the solvent was removed under vacuum. The
resulting yellow-orange powder was dissolved in minimum amount of d6-acetone
and X-ray quality crystals of [rac-RhCl2(η4-et,ph-P4)]BF4 in 50% yield, were
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obtained from this solution after two days. As expected, the crystallographic
analysis of the above crystals showed that about 85% of the sample was 12 and
15% was the chloromethyl complex, [rac-Rh(Cl)(CH2Cl)(η4-et,ph-P4)]BF4, 13.
This sample was recrystallized again in another small portion of d6-acetone and
crystals of pure [RhCl2(η4-et,ph-P4)]BF4 were obtained after 3 days.
In the series of experiments with monometallic Rh complexes it was
observed that the use of either rac-, meso- or mixed et,ph-P4 as starting material
leads to the formation of only the rac-et,ph-P4 coordinated Rh complex.3 This is
an important observation, since our best hydroformylation catalysis results are
obtained with the racemic catalyst precursor and rac-et,ph-P4 is the most useful
diastereomer in our work.
Literature searches on organometallic systems based on Rh, phosphine,
and Cl ligands5-9 shows that close analogies could be made between complexes
12 and 13 and systems such as cis- and trans-[RhCl2(dmpp)2]+ (dmpp = 1,3bis(dimethylphosphino)propane),8a cis- and trans-[RhCl2(dmpe)2]+ (dmpe = 1,2bis(dimethylphosphino)ethane),8 and trans-[RhCl(CH2Cl)(dmpe)2]+.9
The proposed mechanism1 for the formation of our rac-[RhCl2(η4-et,phP4)]+ system (Fig. 3.2), however, is different from the ones found in the literature
and is based upon an electron transfer from the initially formed meso- and rac[Rh(η3-et,ph-P4)]+ to CH2Cl2. This leads to the formation of chloride ion which
coordinates to the Rh center to form the 15 electron cationic Rh(II) complex and
a CH2Cl radical. Molecular modeling studies performed by Prof. Stanley showed

63

that the metal center is close enough to the uncoordinated phosphorus to assist
in the inversion of its lone pair to form rac-η4-et,ph-P4. Formation of this strong
Rh-P bond is the driving force for the reaction.1 The other factor is the “inability”
of the meso-et,ph-P4 diastereomer to coordinate effectively to an octahedral
metal centeer in an η4 fashion. Molecular modeling calculations indicated that
meso-[RhCl2(η4-et,ph-P4)]+ is 13 kcal/mol higher in energy than the racemic- η4
complex.
Ph
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Figure 3.2. Proposed mechanism for the Rh(I) meso-et,ph-P4 to Rh(III) racet,ph-P4 reaction.
3.2.2 Structural Characterization of 12 and 13
[Rac-RhCl2(η4-et,ph-P4)]BF4 (Fig. 3.3) is a pale yellow compound with an
η4-coordinated rac-et,ph-P4 and two chloride ligands coordinated to the Rh
atom.4 Key crystallographic data follows: Formula C25H40Cl2P4Rh+.BF4¯.C3H6O,
space group P21/n, FW 783.15, crystal size 0.28 × 0.23 × 0.12 mm, a =
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10.595(2) Å, b = 14.750(3) Å, c = 22.285(5) Å, cell parameters from 7957
reflections, T = 105 K. The geometry around Rh atom is distorted octahedral.
These

distortions

arise

from

the

presence

of

the

four-membered

bis(phosphino)methane chelate ring (P2-Rh-P3) and two fused five-membered
chelate rings (P1-Rh-P2 and P3-Rh-P4). Table 3.1 shows selected bond
distances and angles for this compound.

Figure 3.3. ORTEP for [RhCl2(η4-et,ph-P4)]BF4 in acetone. Hydrogens are not
shown for clarity.
The four-membered ring reduces the P2-Rh-P3 angle to 73.75o. The trans Cl1Rh-Cl2 angle is opened up to 94.38o due to a “reverse scissoring” effect of the
reduced trans angle. The internal phosphines (P2 and P3) are part of both
chelate rings and they are less electron-rich compare to the external P1 and P4
atoms, thus the Rh-P2,3 bond distances are 0.1 Å shorter than Rh-P1,4
distances. The multiple chelate rings may also contribute to the shorter Rh-P2,3
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distances. Another distortion involves the chloride ligands which are pushed up
and down from the central P2-Rh-P3 plane. This distortion is due to the twist of
the et,ph-P4 ligand, and to the resulting steric interactions between the Cl ligands
and terminal PEt2 groups.

Table 3.1. Selected bond distances (Å) and angles (deg) for [rac-RhCl2(et,phP4)]+, 12, and [rac-RhCl(CH2Cl)(et,ph-P4)]+, 13.
13

12
Rh-Cl1
Rh-Cl2
Rh-P1
Rh-P2
Rh-P3
Rh-P4
P2-C3
P3-C3
Cl2-Cl3
Cl1-Rh-Cl2
Cl1-Rh-P1
Cl1-Rh-P2
Cl1-Rh-P3
Cl1-Rh-P4
Cl2-Rh-P1
Cl2-Rh-P2
Cl2-Rh-P3
Cl2-Rh-P4
P1-Rh-P2
P1-Rh-P3
P1-Rh-P4
P2-Rh-P3
P2-Rh-P4
P3-Rh-P4

2.4164(7)
2.4282(7)
2.3563(7)
2.2574(7)
2.2501(7)
2.3649(7)
1.834(2)
1.839(2)
−
94.38(2)
91.61(2)
96.36(2)
165.72(2)
86.45(2)
88.96(3)
166.92(2)
96.91(2)
91.89(3)
83.30(3)
97.29(2)
177.94(2)
73.75(2)
96.21(3)
84.47(2)

2.417(1)
2.165(18)
2.353(1)
2.254(1)
2.267(1)
2.354(1)
1.840(4)
1.830(4)
1.773(18)
93.58(4)
86.38(3)
95.80(4)
165.0(3)
92.24(4)
92.50(4)
167.42(4)
98.70(4)
87.32(4)
96.88(4)
84.52(4)
178.9(4)
73.46(4)
96.45(4)
83.95(4)

Numbers in parentheses are estimated standard deviations in the least significant digits.
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The chloromethyl complex 13, [Rh(Cl)(CH2Cl)(η4-et,ph-P4)]BF4 (ORTEP in
Fig. 3.4) was found to co-crystallize with [RhCl2(η4-et,ph-P4)]BF4 approximately
15% of the time. The CH2Cl group (marked as Cl2-Cl3 in Fig. 3.4) is presented in
this ORTEP instead of the 85% occupancy Cl2 atom. Based on the
crystallographic data it was concluded that compound 13 has a very similar
structure as 12 with the only significant difference being a shorter Rh-CH2Clbond.
Selected bond distances and angles3 for compound 13 are given in table 3.1.

Figure 3.4. ORTEP for [Rh(Cl)(CH2Cl)(η4-et,ph-P4)]+. Cl2-Cl3 represents CH2Cl
group. Hydrogens, anions, and solvent molecules are not shown for clarity.

3.2.3 Spectroscopic Characterization of 12 and 13
A literature search provided us with several examples of organometallic
systems based on four phosphines, chloromethyl, and/or Cl ligands5-9 that can be
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related to complexes 12 and 13. Close analogy was made between 12 and the
iron

hexaphosphine

complex,7

[FeCl(CO)(η4-eHTP)]+

{eHTP

=

(Et2CH2CH2P)2PCH2P(CH2CH2PEt2)2}. This complex was prepared by our group
many yars ago by reacting the chelating eHTP ligand with 1 or 2 equivalents of
FeCl2 in the presence of CO atmosphere. X-ray analysis showed a distorted
octahedral coordination around the central Fe(II) atom and

31

P{1H} NMR data

was consistent with the obtained structure.
The

31

P{1H} NMR data on the reaction of mixed et,ph-P4 and

[Rh(nbd)2]BF4 is shown in Figure 3.5. The presence of [rac-RhCl2(η4-et,ph-P4)]+
as product of the reaction was spectroscopically confirmed by the strong
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Figure 3.5. 31P{1H} NMR spectrum of [RhCl2(η4-et,ph-P4)]+, 12 and
[Rh(Cl)(CH2Cl)(η4-et,ph-P4)]+, 13 (small orange peaks).
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symmetrical set of doublets of triplets at 10.6 (Pinternal) and 58.5 ppm (Pexternal).
The upfield resonance has the larger Rh–P coupling constant of 93.6 Hz due to
the presence of two chloride ligands trans to the two phosphorous atoms. There
was a typical four-membered bis(phosphino)methane rhodium chelate ring
effect10 that contributes to the large upfield chemical shift of the internal
phosphines. The Rh–P coupling constant for the external phosphines was
calculated to have a value of 83.3 Hz. This is in agreement with the longer Rh–P
bond lengths found from the crystallographic analysis. The P–P coupling
constants were found to be 12.3 Hz for the internal and 12.5 Hz for the external
phosphorus atoms.
The presence of [Rh(Cl)(CH2Cl)(η4-et,ph-P4)]+, 13 as a byproduct of the
reaction11 was clearly visible in the

31

P{1H} data and generally matched similar

literature examples.8,9 The spectrum of 13 is partially second-order and shows
four different phosphorus signals (shown in orange in Fig. 3.5): the two upfield
resonances are due to the internal phosphorus atoms (P2 and P3) and downfield
resonances correspond to the external phosphorus atoms (P1 and P4). The main
difference between the

31

P{1H} spectra of 12 and 13 arises from the substitution

of one chloride ligand with the more electron donating CH2Cl group. The internal
P3 atom is trans to the CH2Cl group which results in a weaker Rh-P3 bond. Thus,
the most upfield signal (tq) at -2.5 ppm arises from the coupling of P3 with Rh
and the neighboring phosphorus atoms (J(Rh–P) = 104.6 Hz). The internal P2 atom
gives a multiplet at 27.0 ppm with J(Rh–P) = 114.0 Hz which corresponds to a
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stronger Rh-P2 bond and phosphine with less electron density in comparison
with P3. The P2–P3 coupling constant was calculated to have the value of 53.0
Hz. The above spectroscopic data is fully consistent with the crystallographic
data showing a Rh-P2 bond length of 2.254 and a Rh-P3 bond length of 2.267 Å.
The external phosphorus atoms P1 and P4 give rise of the two downfield
multiplets. Since this is a second-order pattern the peak intensities in the
multiplets are not equal. We believe that the two doublet of doublets at 47.5 and
51.0 ppm correspond to the P1 phosphine and the doublet of doublets at 60.6
and 56.9 ppm arise from the P4 phosphine – but these assignments are
tentative.
An important part of our work at this point was the comparison of the
above spectroscopic data with the data obtained from the in situ

31

P{1H} NMR

studies on the bimetallic catalyst system. It was clear that [rac-RhCl2(et,phP4)]BF4 complex can be ruled out as a possible by-product of the catalytic cycle
because no chloride sources are present; but it was also clear that a relationship
to the in situ spectroscopy does exist. There are strong similarities between the
signals arising in the NMR spectrum from 12 and those of the proposed [racRhH2(η4-et,ph-P4)]BF4 complex, 10, formed under hydroformylation conditions
during the high-pressure in situ experiment (see chapter 2.2). The doublets of
triplets at 58.5 and 10.6 ppm for 12 are comparable to the resonances at 35.0
and -3.3 ppm for the symmetrical dihydride species in the in situ spectrum. The
greater upfield shift for the 31P resonances for 10 is expected, because of the two
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strong donating H ligands trans to the internal phosphines. Literature reports12 on
Rh(III) dihydride species such as [RhH2(trine)]+ (trine = triethylenetetramine),
[RhH2(PMe3)4]+,

[RhH2(dppp)2]+

(dppp

=

Ph2PCH2CH2CH2PPh2),

and

TpRhH2(PR3) (Tp = hydrotris(1-pyrazolyl)borate) were also found.
3.2.4 Attempted Synthesis of RhH2(η4-et,ph-P4)BF4, 10
Two type of reactions were performed in an attempt to synthesize [racRhH2(η4-et,ph-P4)]BF4. Our first attempt involves the reaction between [racRhCl2(η4-et,ph-P4)]BF4 and super-hydride13 (LiBEt3H). Two equivalents of superhydride (1.0M in THF) was added dropwise to a flask containing one equivalent
of [rac-RhCl2(η4-et,ph-P4)]BF4 dissolved in acetone. The flask was placed in an
ice bath during the addition and change of color from clear pale yellow to yellow
was noticed. The reaction mixture was allowed to stir for 24 hours after which
the solvents were pumped under vacuum and the resulting yellow solids were
dissolved in minimum amount acetone.
The

31

P NMR analysis of the reaction mixture (Fig. 3.6) shows a

symmetrical set of doublets of triplets at 48.0 and 2.6 ppm. These resonances
are close to the ones observed in the in situ spectrum, meaning that they could
be the Rh(III) dihydride 10. Crystals from this solution started to form after one
week in the freezer. Crystallographic analysis of these crystals showed them to
be [rac-RhCl2(η4-et,ph-P4)]BF4, the starting material. This fact, together with the
NMR spectroscopic data led us to the conclusion that there is an unstable
intermediate complex forming between the chloride ligands of the Rh complex
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and the super-hydride (LiBEt3H), rather than the expected [rac-RhH2(η4-et,phP4)]BF4 complex, shown in Figure 3.7. An additional try to push the reaction to
the desired product by adding excess super-hydride was also unsuccessful.
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Figure 3.6. 31P{1H} NMR spectrum of the reaction of [RhCl2(η4-et,ph-P4)]+ and
super-hydride (LiBEt3H).
Another attempt to synthesize [rac-RhH2(η4-et,ph-P4)]BF4 was made by
reacting [rac-RhCl2(η4-et,ph-P4)]+ and LiAlH4 (2 equivalents excess), which was
dissolved in ether and added dropwise to a clear yellow solution of [rac-RhCl2(η4et,ph-P4)]+ in acetone while keeping the reaction mixture in an ice bath. After 24

72

hours of stirring the resulting mixture was analyzed by

31

P NMR. The spectrum

was unchanged from starting material and showed no presence of the dihydride
product 10.

Figure 3.7. [rac-RhH2(η4-et,ph-P4)]+, 10.

3.3 Synthesis and Characterization of [Rh2(η4-et,ph-P4)2](BF4)2, 14
Another part of my synthetic project involved the investigation of [Rh2(η4et,ph-P4)2](BF4)2, 14 (Fig. 3.8). Dr. Hunt also performed the initial work in this
area and was able to synthesize and identify by X-ray crystallography single
crystals of three dirhodium double et,ph-P4 ligand complexes:3 [rac,racRh2(et,ph-P4)2](BF4)2,

[meso,meso-Rh2(et,ph-P4)2](Cl)2.1.5MeOH/H2O,

[meso,meso-Rh2(et,ph-P4)2](PF6)2.
accidentally

prepared

Dr.

Scott

Laneman

[rac,meso-Rh2(et,ph-P4)2](BF4)2

from

and

our

group

complex

and

crystallographically characterized it many years ago. There are numerous
examples of A-frame like dirhodium compounds containing phosphine ligands:1416

[Rh2Cl2(µ-CF3C2CF3)(DPM)2], [Rh2Cl2(µ-CH2)(µ-CF3C2CF3)(DPM)2] (DPM =
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Ph2PCH2PPh2)

with

CF3C2CF3)(PMe3)5]

no

Rh-Rh

bond,

and

[Rh2Cl(µ-Cl)(µ-CH2)(µ-

was reported by Cowie and coworkers;15 Chan et al16

reported complexes Rh2(µ-CH2)(µ-Cl)2(dppe)2 and [Rh2(ο-C6H4PPh2NPh)(CH2-οC6H4PPh2NPh)(µ-Cl)2(COD)] (dppe = bis(diphenylphosphino)ethane and COD =
cyclooctadiene).

2+

Ph

Rh

Et2 P

P

P

Et2P

Ph Ph
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P
Ph

PEt 2

Rh

PEt 2

Figure 3.8. [rac,rac-Rh2(rac-et,ph-P4)2]2+, 14

My main goal in this research was to reproduce and characterize
compound 14 by

31

P{1H} NMR. Synthesis of the compound was carried out in

media such as EtOH, THF, toluene, and hexane, but it was found that there are
solubility problems associated with the use of the above solvents. The best
results were obtained in acetone. Two different approaches were used for the
synthesis of [Rh2(η4-et,ph-P4)2](BF4)2. In the first one [Rh(nbd)2]BF4 and et,ph-P4
ligand were used as starting materials. One equivalent of mixed et,ph-P4 was
added to one equivalent of [Rh(nbd)2]BF4 with an immediate change of color from
red to yellow-orange. The reaction mixture was refluxed for 3 hours and allowed
to cool down to room temperature overnight. Acetone was pumped off under
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vacuum and the resulting orange powder dissolved in MeOH in an attempt to
crystallize the product. In another attempt DCM and acetone were used to
dissolve the solids, but no crystals were grown. It was also noticed that this
reaction can proceed without reflux, which makes it much simpler and shortens
the reaction time. It should be noted here that white needlelike crystals were
grown in one of the reaction flasks after 3 months. These crystals were identified
by X-ray crystallography to be O=PPhCH3(C(CH3)2OH). It was a clear indication
that decomposition of the product had taken place. Next, the reaction was
performed in the same manner but using separated rac-et,ph-P4 and mesoet,ph-P4 ligand in the third set of experiments. Products of each reaction were
characterized by

31

P{1H} NMR spectroscopy and the data, discussed below,

showed slightly different signals, depending on the type of the ligand used.
The second approach for the synthesis of [Rh2(η4-et,ph-P4)2](BF4)2
involves the use of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2, our catalyst precursor, and
mixed et,ph-P4 as starting compounds. One equivalent of mixed et,ph-P4 ligand
dissolved in d6-acetone was added to one equivalent [Rh2(nbd)2(rac-et,phP4)](BF4)2 in d6-acetone and the color changed from orange to dark yellow.
Unfortunately, my attempts to recrystallize the product were unsuccessful. The
reaction mixture was analyzed by

31

P{1H} NMR and the resulting spectrum was

the same as that from [Rh(nbd)2]BF4 and mixed et,ph-P4.
The ORTEP structure of [rac,rac-Rh2(et,ph-P4)2](BF4)2 obtained by Hunt17
is shown in figure 3.9. The structure consists of two rhodium atoms symmetrically
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coordinated by two rac-et,ph-P4 ligands. Both Rh atoms have square planar
geometry slightly distorted towards tetrahedral, with two five-membered
bis(phosphino)ethane chelate rings on each of them. There is no metal-metal
bond present and the distance between Rh centers is 5.455(1) Å. This distance
is a little bigger, compared to the distances of 4.77 Å for [meso,meso-Rh2(et,phP4)2](PF6)2 and 4.63 Å for [meso,meso-Rh2(et,ph-P4)2](Cl)2. There is a steric
interaction based on the presence of two phenyl rings pointing into the center of
eight-membered dirhodium double bis(phosphino)metane ring. The Rh atoms
were in the plane, P1, P6, P5, and P7 are above the plane, and P2, P4, P3, and
P8 were found to be below the plane.

C32

C31

P4
C7P
C’

C12
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Rh1

C8P

Rh2
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C20P

C19P
C”

C14P
C13P

Figure 3.9. ORTEP3 for [rac,rac-Rh2(et,ph-P4)2](BF4)2. Hydrogens are not shown
for clarity.
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The

31

P{1H} NMR spectrum of [Rh2(η4-et,ph-P4)2](BF4)2 is complex. The

[rac,rac-Rh2(rac-et,ph-P4)2]2+ system can exist in two different forms: the R,Rand S,S-et,ph-P4 diastereomer and the enantiomeric R,R- and R,R-et,ph-P4 and
S,S- and S,S-et,ph-P4. It is possible that both forms could form in the reaction
mixture which is contributing to the complexity of the
shows

31

31

P spectrum. Figure 3.10

P{1H} NMR spectrum of [Rh2(η4-et,ph-P4)2](BF4)2 synthesized from

[Rh(nbd)2]BF4 and mixed et,ph-P4, obtained on the 500 MHz Bruker instrument.
The pattern is second-order in nature with major upfield resonances arising from
the internal phosphines (doublets of doublets at 43.9 and 42.2 ppm with JRh–P
value of 132.5 Hz and a JP–P value of 28.0 Hz). Internal phosphines were
expected to resonate somewhat more upfield since they are trans to the good
donating PEt2 group. The downfield doublet of doublets at 51.0 and 49.2 ppm
corresponds to the external phoshines with JRh–P of 126.5 Hz and JP–P of 22.9 Hz.
This 31P data is in agreement with the rhodium-phosphorus distances from the Xray structure.
A broad hump under the sharp peaks assigned to the [Rh2(η4-et,ph-P4)2]2+
complex was observed in all experiments. In our opinion this is most likely due to
partial polymerization of the product during the reaction. The

31

P{1H} NMR data

was recorded at different temperatures (290 – 318 K range) but no major
differences in the spectrum were seen. These variable-temperature experiments
were conducted in order to observe changes of chemical shifts and coupling
constants due to effects such as twisting of the coordinated et,ph-P4 ligand
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around the Rh center or rotation around bonds. None of the spectra showed
complicated coupling patterns which is an indication that no [meso,mesoRh2(et,ph-P4)2](BF4)2 product was present. After a comparison with the
preliminary spectroscopic data of the rac,rac-complex obtained from Dr. Hunt, it
was concluded that the

31

P spectrum shows only the [rac,rac-Rh2(et,ph-

P4)2](BF4)2 complex. Calculating the spectrum of [Rh2(η4-et,ph-P4)2](BF4)2 via a
NMR simulation program is needed and will be very useful in assigning the
chemical shifts and coupling constants.

Figure 3.10. 31P{1H} NMR spectrum of [rac,rac-Rh2(η4-et,ph-P4)2](BF4)2
synthesized from [Rh(nbd)2]BF4 and mixed et,ph-P4
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3.4 Synthesis and Characterization of Rhodium Complexes Based on
me,ph-P4 Ligand
3.4.1 Attempted Synthesis of [rac-RhCl2(η4-me,ph-P4)]BF4, 15
Our successful synthesis and analysis of [rac-RhCl2(η4-et,ph-P4)]BF4, 12
complex encouraged us to attempt the synthesis of the rhodium tetraphosphine
complex RhCl2(η4-me,ph-P4)BF4, 15 (Fig. 3.11), which is based on the me,ph-P4
ligand. Structural comparisons of this complex with 12 and other related
complexes9,11 and our previous work with me,ph-P4 ligand (described in chapter
4) led to the conclusion that synthesis of 15 can be carried out in a similar
fashion. The [rac-RhCl2(η4-me,ph-P4)]BF4 complex was synthesized by adding
one equivalent of [Rh(nbd)2]BF4 complex dropwise to one equivalent of mixed
me,ph-P4 ligand in DCM solution. The reaction mixture was allowed to stir
overnight under nitrogen. Choice of solvent was based on our previous work with
the synthesis of the [rac-RhCl2(et,ph-P4)]BF4 complex. To this point, no crystals
of the [rac-RhCl2(me,ph-P4)]BF4 complex have been grown and our analysis is
based only on the 31P NMR spectrum of the compound.

+

PMe2
Ph

Ph

P

P

Rh

Cl
Cl

PMe2

Figure 3.11. RhCl2(η4-me,ph-P4)BF4, 15
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The

31

P{1H} NMR spectrum of the monometallic Rh(III) tetraphosphine

compound is shown in red in Fig. 3.12. Based on our analysis of the [racRhCl2(η4-et,ph-P4)]BF4 complex,1,11 it was concluded that the internal phosphines
show doublet of triplets at 17.0 ppm, while the doublet of triplets at 45.8 ppm are
due to the external phosphines with the following coupling constants: Pexternal:
JRh–P = 106.0 Hz; JP–P = 13.0 Hz and Pinternal: JRh–P = 83.7 Hz; JP–P = 12.5 Hz. The
spectrum also shows broad doublet of doublets at 40.0 ppm and broad multiplet
at 35.0 ppm. It was concluded that these peaks arise from the external and
internal phosphines of one or more of the [Rh2(η4-me,ph-P4)2](BF4)2 complexes.

50

40

30

20

10

Figure 3.12. 31P{1H} NMR of reaction mixture of mixed me,ph-P4 and
[Rh(nbd)2]BF4. The [rac-RhCl2(η4-me,ph-P4)]BF4 complex is shown in red.
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Attempts to synthesize pure mono-Rh complex by varying reaction conditions
were unsuccessful. The double ligand bimetallic Rh complex always was
synthesized along with mono-Rh complex, which is not the case when et,ph-P4
ligand was used as starting material. These results are most likely due to the
weaker electron-donating ability of methyl groups compare to ethyl groups or
smaller steric effects that favor the dirhodium double ligand complex. Methyl
groups are less electron donating for the electron transfer to occur and reaction
to go to completion to form mono-Rh complex only.
3.4.2 [Rh2(η4-me,ph-P4)2](BF4)2, 16
The [Rh2(η4-me,ph-P4)2](BF4)2 (Fig. 3.13) complex was synthesized by
mixing one equivalent of mixed me,ph-P4 ligand and one equivalent of
[Rh(nbd)2]BF4 complex. Acetone was used as solvent in the reaction and the
reaction mixture was allowed to stir overnight (room temperature; N2
atmosphere) to produce the double ligand bimetallic compound (orange-red
powder). There was an attempt to prepare the complex from rac-me,ph-P4
ligand, but the 31P NMR showed no presence of the product. A second route for
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Ph
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P

Me2P

Rh

Me2P

Ph

Ph
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P
Ph

PMe2

Rh

PMe2

Figure 3.13. [rac,rac-Rh2(η4-me,ph-P4)2]2+, 16.
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the preparation of this double ligand bimetallic complex is by adding dropwise
one equivalent of [Rh2(nbd)2(me,ph-P4)](BF4)2 complex (acetone solution) to one
equivalent of mixed me,ph-P4 ligand (acetone solution). The product was
synthesized after 48 hours of stirring at room temperature. No crystals of the
complex were grown and the 31P NMR spectrum is our only source for analysis.
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Figure 3.14. 31P{1H} NMR of [Rh2(η4-me,ph-P4)2](BF4)2

The

31

P{1H} NMR spectrum of the [Rh2(η4-me,ph-P4)2](BF4)2 complex is

shown in Figure 3.14. The spectrum is reasonably complex, due to the fact, that
mixed me,ph-P4 ligand was used and [meso,meso-Rh2(me,ph-P4)2](BF4)2, and
[rac,rac-Rh2(me,ph-P4)2](BF4)2, and possibly [rac,meso-Rh2(me,ph-P4)2](BF4)2
complexes could have been produced. The spectrum is probably at least partially
second-order in nature and it was presumed that upfield doublet of doublet
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patterns observed at 38.1, 37.7, and 35.9 ppm are due to the internal
phosphines. Downfield doublets of doublets observed at 45.0 and 43.7 ppm arise
from the external phosphines of the bimetallic Rh-tetraphosphine complex.
3.5 Conclusion
Complexes

RhCl2(η4-et,ph-P4)BF4,

12

and

Rh(Cl)(CH2Cl)(η4-et,ph-

P4)BF4, 13 were synthesized in d6-acetone and a high quality crystallographic
determination of 12 with no chloromethyl by-product present was obtained. A
good quality X-ray structure of 13 was also obtained. Detailed spectroscopic
studies were performed on both complexes and

31

P{1H} NMR spectrum of 12

was found to be simple first-order, while 13 showed a second-order pattern. Rh-P
and P-P coupling constants were measured from the obtained data. Compound
[Rh2(η4-et,ph-P4)2](BF4)2,14 was synthesized and

31

P{1H} NMR data was

collected. The complex showed complicated second-order spectrum from which
chemical shifts and coupling constants were estimated.
The most significant aspect of this work was the comparison of the
spectroscopic data with the data obtained from the in situ

31

P{1H} NMR studies

on the bimetallic catalyst system. Based on the obtained chemical shifts and
coupling constants, it was concluded that that [rac-RhCl2(et,ph-P4)]BF4 and
[Rh2(η4-et,ph-P4)2](BF4)2 complexes can be ruled out as possible by-products
forming during hydroformylation. Attempted syntheses of RhH2(η4-et,ph-P4)BF4,
10 using RhCl2(η4-et,ph-P4)BF4 as the starting material were unsuccessful. The
reaction mixture was analyzed by

31

P{1H} NMR spectroscopy and did not show
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presence of product. All of the above analyses helped contribute to the
determination of the number and the type of Rh-complexes formed upon
fragmentation of the bimetallic catalyst during hydroformylation runs.
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CHAPTER 4
STUDIES OF CHELATING PHOSPHINES TOWARD BIMETALLIC
ASYMMETRIC HYDROFORMYLATION
4.1 Introduction
Asymmetric

hydroformylation

catalysis

begins

in

1972

with

the

hydroformylation of styrene in the presence of the Co(R*-Sal)2 catalysts (R*-Sal =
N-α-methylbenzylsalicylaldimine).1,2 Asymmetric hydroformylation is a process
where a chiral catalyst is used to produce a chiral branched aldehyde product.
One of the important potential applications of asymmetric hydroformylation is the
synthesis of S-naproxen (scheme 4.1), an anti-inflammatory drug sold as Aleve.
In this case the chirality is quite important as the R-enantiomer is a liver toxin.3
Asymmetric hydroformylation is one of the most direct roates to S-naproxen.
Unfortunately, it is also a very difficult reaction to carry out with high selectivity
and catalyst activity.

*

H2 /CO
CH 3 O

Cat* CH O
3

O
H

*

[O]
CH3 O

O
OH

S-naproxen

Scheme 4.1: Synthesis of S-naproxen
Three important properties of the asymmetric hydroformylation catalyst,
enantioselectivity, regioselectivity and chemoselectivity, have to be controlled.
Metals like Ru, Ir, Co, and Pd have been used successfully in asymmetric
hydroformylation.1 Best results were achieved using Pt(II) and Rh(I) based
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systems. Platinum catalysts are reported to have high enantioselectivity (70-80%
for the hydroformylation of styrene), but slow to very slow reaction rates, poor
chemo- and regioselectivity, and high pressures of H2/CO gas (up to 3200 psig).4
Chiral Rh complexes are considerably more promising as effective
asymmetric

hydroformylation

catalysts.

In

general

they

have

better

regioselectivity, higher TO frequency and require far lower pressures of H2/CO
(100-500 psig). A variety of chiral phosphine ligands have been used to prepare
Rh hydroformylation catalysts. Most, however, have proven to be ineffective.

O

O

H
O

H

O

H

H

h 2P
P

P

P

P h2

(-)-DIOP

(-)-DIPHOL

DIOP was the first ligand used with Pt and Rh catalysts. In 1973 it was
used with Rh for the asymmetric hydroformylation of aromatic olefins.1,5 The use
of the DIOP ligand with different Rh precursors was investigated between 1973
and 1981 without much success - the enantiomeric excesses were quite low. In
1981 Hobbs and Knowles6 reported the use of monometallic Rh catalyst based
on DIOP ligand for asymmetric hydroformylation of vinyl esters with 90%
conversion to the desired aldehyde and one of the first reports of
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enantioselectivity exceeding 50%. But this was still far too low for practical
applications.
In 1993 Takaya and coworkers7,8 developed a new chiral phosphine –
phosphite ligand called R,S-BINAPHOS. The Rh catalyst based on this ligand
gives the best results for the asymmetric hydroformylation of various alkenes
(among them vinyl acetate, styrene and 1-hexene). The group reported 75 to
92% ee, 6:1 branched:linear regioselectivity (H2/CO 1:1, 100 atm) and
conversion over 97% for these alkenes. This is still the best asymmetric catalyst
system for performing hydroformylation.

Ph

Ph

Rh

P

P
O

O
O

Rh - (R,S) BINAPHOS

Our

research

group

used

the

bimetallic

Rh

catalyst

precursor

[Rh2(nbd)2(et,ph-P4)](BF4)2 for asymmetric hydroformylation of vinyl esters (vinyl
acetate, vinyl benzoate, vinyl propionate, and vinyl butyrate). For the
hydroformylation of vinyl acetate9 this catalyst has 85% enantioselectivity and 4:1
branched to linear regioselectivity (H2/CO 1:1, 90 psig, 85oC). The ethyl groups in
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the tetraphosphine ligand can be easily replaced with methyl groups to form
[Rh2(nbd)2(me,ph-P4)](BF4)2. Molecular modeling studies performed by Dr.
Stanley predicted that the [Rh2(nbd)2(me,ph-P4)](BF4)2 catalyst precursor should

Figure 4.1. Molecular modeling study of vinyl acetate docked onto one Rh center
of the dirhodium catalyst, showing the two branched alkene orientations that lead
to the two chiral branched aldehydes. The top view is the higher energy
branched binding site.
have very good activity, regio- and enantioselectivity for the hydroformylation of
vinyl esters. The modeling showed that the vinyl acetate docked onto the
[Rh2H2(µ-CO)2(me,ph-P4)]2+ catalyst binding site had two pro-chiral orientations.
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The smaller size of the Me groups provides easier access of the olefin into the
bottom Rh binding site in Figure 4.1. In the energetically preferred structure the
ester tail points between the methyl group on the terminal phoshine and the
phenyl ring on the internal phosphine, favoring the formation of branched final
chiral product.
The me,ph-P4 ligand (Fig. 4.2) chelates two Rh centers to form the
catalyst precursor [rac-Rh2(nbd)2(me,ph-P4)](BF4)2 (Fig. 4.3). Part of my
research project involves synthesis of the dirhodium me,ph-P4 catalyst, as well
as synthesis and investigation of the starting material dimethylchlorophosphine,
Me2PCl, and halogenated methylene bridged bisphosphine, Cl2PCH2PCl2.
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PMe2
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Figure 4.2. Racemic and meso forms of me,ph-P4
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Rh

Rh
P

P

Ph

Ph

Figure 4.3. Bimetallic rhodium catalyst based on me,ph-P4 ligand
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4.2 Synthesis of Dimethylchlorophosphine
In our research organozinc chemistry was used in the preparation of
various alkylhalophosphines. A transmetallation reaction between ZnCl2 and
alkylmagnesium halide was used to produce the organozinc halide. Organozinc
reagents are not very reactive, thus they can be successfully reacted with
phosphorus halides to selectively substitute one, two, or three of the halides. In
our work organozinc halide was reacted with PCl3 to give mono-, di- or trialkyl
substituted phosphines. We used MeMgBr to prepare MeZnCl which was then
reacted with PCl3 (2:1 ratio) to make Me2PCl, a starting compound for the
synthesis of me,ph-P4 ligand. Me2PCl is very oxygen and moisture sensitive,
colorless to pale yellow liquid soluble in organic solvents. In order to complete
the reaction, excess stiochiometric amounts of MeZnCl often have to be used.
Organozinc reagents usually have low reactivity and if the above reaction is
incomplete, 0.2 – 0.5 equivalents of excess organozinc reactant should be added
to the reaction mixture to complete the reaction.
2MeZnCl

2MeMgBr + ZnCl2

Me2PCl

2MeZnCl + PCl3
Using

the

above

steps

we

were

able

to

synthesize

dimethylchlorophosphine in high yield. However, our attempts to isolate the
product have been unsuccessful. In order to isolate the desired product many
experiments with different techniques and solvents were performed and their
results are discussed in the following section.

91

4.2.1 Solvent Variations
The initial idea behind the work described below, was to use high boiling
point solvents as media for the synthesis of Me2PCl, that would provide the
opportunity to isolate the product from the solvent by simple distillation.
Dimethylchlorophosphine is a pale yellow liquid with boiling point of 76oC.
Therefore, toluene, b.p. 111oC, was our first choice of solvent for the preparation
of Me2PCl. ZnCl2 was dried by refluxing in thionyl chloride for 24 hours, filtered,
washed with hexane, and dried under vacuum. Dry ZnCl2 was stirred in toluene
for 3 hours and MeMgBr (1.4 M in toluene/THF) was added dropwise to the
reaction mixture while keeping it cool in an ice bath. After 48 hours of stirring,
PCl3 was added dropwise to the flask and a white precipitate formed. The
reaction mixture was allowed to stir for 48 hours. The Me2PCl-toluene mixture
was then separated from the zinc salts by filtration.

31

P NMR (Fig. 4.4) shows

presence of the product at 96 ppm. Trace amounts of MePCl2 were observed at
196 ppm. An unidentified product resonating at 90 ppm was found to appear in
each sample, including the one purchased from Strem. Consultations with
Strem’s technical support did not help in the identification of this compound.
Distillation of the filtrate was performed under atmospheric nitrogen
pressure in an attempt to isolate the phosphine product from the solvent.
Analysis of the distilled fraction, boiling between 75 and 80oC, by

31

P NMR

showed presence of the product at 96 ppm. The 1H NMR, however, showed
peaks in the aromatic region, indicating that an azeotrope of Me2PCl with toluene
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had formed. Xylene (b.p. 140oC) and mesitylene (b.p. 163oC), a higher boiling
solvents, were also used unsuccessfully for the synthesis of Me2PCl.

Me2PCl

Figure 4.4.

31

P NMR of reaction mixture from the synthesis of Me2PCl in toluene

Another attempt to isolate Me2PCl was made by using tetraethylene glycol
dimethyl ether (tetraglyme) (b.p. 275oC) as the solvent of the reaction. Since
Grignard reagents in tetraglyme are not commercially available, a solvent
exchange technique was used to prepare MeMgBr in tetraglyme. Anhydrous
tetraglyme was added to MeMgBr (3.0 M in diethyl ether) in 1:1 ratio. The mixture
was stirred and diethyl ether was removed under vacuum at room temperature.
ZnCl2 in tetraglyme was added to the Grignard in tetraglyme and after overnight
stirring, PCl3 was added to the reaction mixture. The desired product was
synthesized, unfortunately, along with many byproducts (Fig. 4.5). This made
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further isolation of the pure product impossible. In our opinion, in the solvent
exchange step some MeMgBr was shifted to Me2Mg and MgCl2.10,11 We believe
that this is somehow causing the many side reactions.

Me2PCl

Figure 4.5. 31P{1H} NMR of Me2PCl prepared in tetraglyme

The next step in our attempts to synthesize and isolate Me2PCl was to use
the high boiling bulyl diglyme as media for the reaction and MeMgCl (2.0 M in
butyl diglyme) as Grignard reagent (available to us from Ferro Corporation).
Since ZnCl2 is not soluble in butyl diglyme, the experiment was started with
dissolving dry ZnCl2 in THF, followed by addition of butyl diglyme. After
approximately 1 hour of stirring, MeMgCl was added slowly to the mixture and
gray precipitate formed. The reaction mixture was allowed to stir overnight and
then THF was removed under vacuum. PCl3 was added to the flask, while
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keeping it in an ice bath and the reaction was allowed to proceed for 48 hours.
31

P NMR analysis of crude reaction mixture showed the presence of very little

Me2PCl and numerous by-products.
Various experiments performed in high boiling solvents proved to be
unsuccessful for the synthesis and isolation of Me2PCl. At this point it was
decided to carry out the reaction in lower boiling point solvent in order to easily
separate it in vacuo from the product. For this purpose dry ZnCl2 was dissolved in
diethyl ether (b.p. 35oC) and MeMgBr (3.0 M in diethyl ether) was added
dropwise to the solution. After overnight stirring, PCl3 was added to the above
mixture and it was stirred for 48 hours. It was then filtered and

31

P NMR of the

filtrate showed the presence of Me2PCl in low yields. Although the white
precipitate was washed three times with ether, it was suspected that some of the
product was trapped in the salts. Trap to trap distillation at room temperature was
performed on the filtrate to isolate the product from the solvent.

31

P NMR on

sample from mother flask showed lack of product and presence of some
unexplained peaks at around 6, 40, and 48 ppm, most likely arising from
compounds formed via decomposition reactions.
4.2.2 Use of Dimethylzinc
An attempt to synthesize and isolate Me2PCl was also made by using
dimethylzinc as the starting Zn reagent. Me2Zn is commercially available in
toluene and diethyl ether, thus diethyl ether was chosen as media for the
reaction. To synthesize Me2PCl, solution of PCl3 in ether was added dropwise to
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Me2Zn (2.0 M in diethyl ether), while keeping the reaction mixture in an ice bath.
The reaction between PCl3 and Me2Zn is extremely violent and it is why both
reactants were in ether solution, prior to the addition. Some Me2PCl was made
along with monomethylchlorophosphine and byproducts. In an attempt to isolate
the product, the reaction mixture was filtered and trap to trap distillation was
performed, but the overall results weren’t satisfactory.
Since the above described reaction was very expensive and not
productive, ZnCl2 and MeMgBr were used again as starting materials, but in a 1:2
ratio. The purpose of this one pot reaction was to synthesize Me2Zn and then
add PCl3 to form Me2PCl.
2MeMgBr + ZnCl2

Me2Zn + 2MgBrCl

Me2Zn + PCl3

Me2PCl

Two equivalents of MeMgBr (3.0 M in ether) were added dropwise to ZnCl2
partially dissolved in diethyl ether. The reaction mixture was allowed to stir
overnight and PCl3 was added dropwise while keeping the flask in an ice bath.
After 48 hours of stirring, the reaction mixture was filtered and analyzed by

31

P

NMR. A small amount of Me2PCl was synthesized, along with MePCl2.
4.2.3 In situ Reaction of Dimethylchlorophosphine and Vinyl
Grignard
Me2PCl was needed in our work as starting compound for the synthesis of
dimethylvinylphosphine. Since there were problems with the isolation of the
product, it was decided to skip the isolation step and proceed with the synthesis
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of dimethylvinylphosphine in the same solvent. ZnCl2 and MeMgBr were reacted
for 48 hours in 1:1 ratio to form MeZnCl. PCl3 was added to the mixture and after
3 days of stirring

31

P NMR showed the presence of Me2PCl product only. The

reaction mixture was filtered, cooled in an ice bath, and vinylMgBr was added
dropwise to the filtrate (1:1 ratio with the assumption of 80% yield of Me2PCl).
The reaction mixture was stirred overnight and trap to trap distillation was
performed to isolate dimethylvinylphosphine.

31

P NMR analysis showed no

presence of the product.
In summary, although we were not able to overcome the isolation
problem, it was concluded that the best way to synthesize Me2PCl is using
MeMgBr and ZnCl2 as starting materials and toluene as solvent.
4.3 Synthesis of me,ph-P4 ligand
The bimetallic [Rh2(nbd)2(et,ph-P4)](BF4)2 catalyst precursor, synthesized
in our research group, gives excellent results for the hydroformylation of olefins.
The catalyst is based on rac-et,ph-P4 ligand which bridges the two Rh centers. In
the catalytic process, steric factors play an important role in the interaction
between the olefin and catalyst. The substituents on the terminal and internal
phosphorus atoms control the access of olefin to the Rh center. Bulky
substituents “fill” the space between terminal and internal phosphorus atoms and
force the tail of the olefin to point away from catalyst. The insertion of hydride
ligand occurs to the internal carbon atom of the double bond of the alkene, which
leads to linear hydroformylation product. In asymmetric hydroformylation
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catalysis the desired product is the branched aldehyde. In this case the tail of the
olefin has to point between the internal and external phosphines. This directs the
insertion of hydride to the terminal carbon atom of the double bond of the olefin
making the branched alkyl, which goes on to make the branched aldehyde.12
For the purposes of asymmetric hydroformylation, our group synthesized
and studied the me,ph-P4 ligand (see Fig. 4.2). It was expected that the smaller
size of Me groups on the ligand would open the binding site of the catalyst and
make the olefin access easier. This should, in turn, increase the amount of
branched aldehyde product. As discussed earlier, molecular modeling studies
predicted that the energetically preferred alkene binding orientation would lead to
a particular chiral branched aldehyde.
The tetraphosphine me,ph-P4 ligand was synthesized by photolyzing
dimethylvinylphosphine and Ph(H)PCH2P(H)Ph for 4 to 5 days (scheme 4.2). A
quartz flask was be used to speed up the photolysis process. The resulting
product, mixed me,ph-P4 ligand was analyzed by

31

P NMR. The two doublet of a

doublets at -25.0 ppm and -25.8 ppm arise from the internal phosphorus atoms
and the doublet of a doublets at -46.9 and -47.2 ppm arise from the external
phosphorus atoms (fig. 4.6).
In the prior series of experiments caution must be taken in the solvent
exchange step of the dimethylvinylphosphine synthesis. A long time is needed for
the photolysis reaction to proceed if the dimethylvinylphosphine used in the
reaction is diluted with THF. This dramatically slows the photolysis of the reaction
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mixture and also requires a 10:1 ratio (dimethylvinylphosphine:bridge) instead of
the

usual

2:1

ratio.

When

et,ph-P4

ligand

is

synthesized

from

diethylvinylphosphine and Ph(H)PCH2P(H)Ph only 2 to 5 hours are needed for
completion of the reaction.

2 PhPH2

2Me2 PCl

KOH

2 CH2= CH MgBr

-
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2 Me2P
PCH=CH2

P

H
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Scheme 4.2. Synthesis of me,ph-P4
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Figure 4.6. 31P {1H} NMR of mixed me,ph-P4

4.4 Separation of Meso- and Racemic Diastereomers of me,ph-P4
4.4.1 Use of Nickel Separation Chemistry
Experimental asymmetric hydroformylation results obtained with Rh
catalyst based on rac-me,ph-P4 were more satisfactory than results obtained
with mixed or meso-[Rh2(nbd)2(me,ph-P4)(BF4)].9 This required initial separation
of racemic- from meso-me,ph-P4 ligand. One method of separation of mixed
ligand used a chiral HPLC column.9 Clear isolation for the first enantiomer was
seen, but the second enantiomer overlapped with the meso-diastereomer. In
order to separate racemic and meso diastereomers and isolate pure rac-me,ph-
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P4 ligand, nickel separation chemistry was employed. The Ni separation
technique used in the following experiment was developed by Dr. D. Aubry for
separation of rac- from meso-et,ph-P4 ligand.13 The Ni separation technique is
based on the different solubility of Ni-rac-me,ph-P4 and Ni-meso-me,ph-P4
complexes in ethyl alcohol. After the two diastereomers are separated, pure racand meso-me,ph-P4 ligands are obtained by cyanolysis of, respectively, Ni-racme,ph-P4 and Ni-meso-me,ph-P4 complexes.
In our experiment, mixed me,ph-P4 ligand was added dropwise to 2
equivalents of a clear green solution of NiCl2.6H2O to produce rac- and mesoNi2Cl4(me,ph-P4) complexes. Initially, EtOH and MeOH were used as solvents
for the reaction, but the EtOH was preferred in our work, since this solvent gives
better separation. Overnight stirring of the above mixture produces orange
precipitate which was separated from yellow-orange solution by filtration. Based
on the previous analysis for the separation of et,ph-P4 ligand, 13 it was concluded
that orange precipitate is the meso-Ni2Cl4(me,ph-P4) complex and the solution
consists of the rac-Ni2Cl4(me,ph-P4) complex dissolved in EtOH.
The second part of our experiment, cyanolysis, involved a reaction
between the rac-Ni2Cl4(me,ph-P4) complex, synthesized above, and excess
NaCN. Cyanolysis of rac-Ni2Cl4(me,ph-P4) was needed in order to remove nickel
from the complex and isolate pure rac-me,ph-P4 ligand. A solution of 133
equivalents of NaCN in H2O and MeOH was added to the rac-Ni2Cl4(me,ph-P4)
complex and the solution was allowed to stir for 4 hours. A second portion of 150
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Figure 4.7. 31P NMR of rac-me,ph- P4

equivalents of NaCN was then added to the reaction mixture and it was stirred
until NaCN dissolved completely. Free rac-me,ph-P4 ligand was extracted from
the mother solution into three portions of benzene. This solvent was then
evaporated to yield yellowish viscous oil of free rac-me,ph-P4 ligand.

31

P NMR

analysis shows 75-80% purity of the racimic ligand (Fig. 4.7). The driving force of
the reaction is the strong σ-donating ability of CN¯ group which displaces the
tetraphosphine ligand to coordinate to the Ni centers. Numerous experiments
with different CN¯ ion concentrations were performed for the isolation of pure racet,ph-P4 ligand.14 The proper amounts found in these experiments were
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successfully used in the isolation procedure of rac-me,ph-P4 ligand. It was also
concluded that in the case of rac-me,ph-P4, during the first addition of NaCN one
of Ni centers in rac-Ni2Cl4(me,ph-P4) complex is freed to form the Ni(CN)2(η3me,ph-P4) complex. The second addition is needed to free this Ni center and
isolate pure rac-me,ph-P4.
The cyanolysis step was also used in order to remove nickel from the
meso-Ni2Cl4(me,ph-P4) complex and isolate pure meso-me,ph-P4 ligand. As was
mentioned above, meso-me,Ph-P4 has an insignificant role for our catalytic
studies because of the poor hydroformylation results obtained with meso[Rh2(nbd)2(me,ph-P4)(BF4)] catalyst. However, free meso-me,Ph-P4 ligand was
needed in our work for the syntheses of RhCl2(η4-me,ph-P4)BF4 and [Rh2(η4me,ph-P4)2](BF4)2 complexes. Cyanolysis of meso-Ni2Cl4(me,ph-P4) involves a
reaction between this complex, dissolved in H2O and MeOH and 393 equivalents
of NaCN in H2O/MeOH. The reaction mixture was stirred overnight and the free
meso-me,Ph-P4 was extracted into three portions of hexane. After this solvent
was pumped under vacuum and meso-me,Ph-P4 ligand was recrystallized from
minimum amount of hexane, to yield 90% pure meso ligand, based on

31

P NMR

analysis.
4.4.2 Separation in Hexane
A simpler way of separating racemic and meso diastereomers of the
me,ph-P4 ligand is the recrystallization from hexane. This separation is based on
the fact that meso-me,ph-P4 form will crystallize from hexane solution into, while
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the racemic form will stay in the solution. Thus, the two diastereomers can be
separated by filtration in the glove box. To achieve separation, mixed me,ph-P4
ligand was placed in a flask and dissolved into minimum amount of hexane.
Formation of white crystals was observed two hours after the flask was placed in
the freezer. After 24 hours in the freezer, the mixture was quickly filtered to yield
85% pure meso- and 75% pure racemic diastereomers. Purity levels are based
on 31P NMR analysis.
The only drawback for the “hexane separation” method of mixed me,ph-P4
ligand comes from the fact that meso crystals dissolve rather quickly into the
hexane solution at room temperature. Thus, the filtration must be done quickly in
order to achieve higher purity of the racemic diastereomer. Also, if the racemic
ligand is the only desired product, filtration can be substituted with decantation
which will lower the yields, but increase the purity of the racemic product. The %
yield for the rac- product was typically around 60%.
4.4.3 Synthesis and Characterization of Na2[Ni(CN)4].3H2O
Na2[Ni(CN)4].3H2O was synthesized as a byproduct of the NiCl2-based
separation of the racemic and meso diastereomers of the tetraphosphine ligand,
me,ph-P4 described above. The last step of the experiment was extraction of
rac-me,ph-P4 ligand from the reaction mixture into three portions of benzene.
After it was performed, the orange mother solution was found to contain
Na2[Ni(CN)4].3H2O byproduct. Quantitative yields of small, yellow, needlelike
crystals of the product were obtained overnight after a sample of the solution was
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exposed to air. Good quality X-ray Na2[Ni(CN)4].3H2O crystals were obtained
after one month from a sample placed in an NMR tube.

Figure 4.8. ORTEP of Na2[Ni(CN)4].3H2O
The ORTEP diagram for Na2[Ni(CN)4].3H2O is shown in Fig. 4.8. The
crystallographic

data

for

the

complex

are

as

follows:

Formula

2(Na+).C4N4Ni.3(H2O); FW = 262.82; Space group P1; yellow fragment; a =
7.2980 (10)Å; b = 8.8620 (10)Å; c = 15.132 (2)Å; α = 89.311 (5)o; β = 87.326 (5)o;
γ = 83.772 (6)o; T = 100K; 8200 reflections.
The Na2[Ni(CN)4].3H2O crystals are hexagonal prisms with the structure
consisting of two Ni(CN)42- stacked columns with Na+ ions and water molecules
between them.15 There are five different coordinations for the Na centers and a
distorted octahedral geometry is present at each of them. Four N atoms (from
two different stacks of Ni(CN)42- and only one N atom shown in the picture) and
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two O atoms from the H2O molecules orient around each of Na1, Na2, and Na5.
Two N atoms and four H2O molecules are coordinated to Na3 and respectively,
Na4 ions.
The Na2[Ni(CN)4].3H2O complex, together with Sr[Ni(CN)4].5H2O, and
Rb2[Ni(CN)4].H2O, was used by Prof. Ronald Musselman and coworkers in their
studies of solid-state spectral effects in eclipsed tetracyanonickelates.15 Polarized
Specular Reflectance Spectroscopy and semiempirical ZINDO calculations were
used to study the behavior of the Ni(CN)42¯ ions when varying their stacking
arrangements. Effects of increasing aggregation, stacking distance, tilting, and
variation of bonding parameters were studied experimentally and the results
were analyzed and matched with results from the calculated spectra.
4.5 Synthesis of Rhodium Catalyst, [Rh2(nbd)2(me,ph-P4)](BF4)2
Experimental

studies

on

the

[Rh2(nbd)2(me,ph-P4)](BF4)2

catalyst

precursor showed that the racemic form of this complex gives better
hydroformylation results than the meso-form. For this reason, the dirhodium
tetraphosphine system was synthesized based on the rac-me,ph-P4 ligand. Two
equivalents of [Rh(nbd)2]BF4 were added to a flask containing rac- me,ph-P4.
Both substances were dissolved in DCM prior the addition. After 3 hours of
stirring DCM was pumped under vacuum and orange-red solid product formed in
the flask. Alternate synthesis involves the reaction of mixed me,ph-P4 ligand with
two equivalents of [Rh(nbd)2]BF4. After the evaporation of DCM, the resulting
product is dissolved in minimum amount of acetone. Orange-red crystals of rac-
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[Rh2(nbd)2(me,ph-P4)](BF4)2, the desired product, crystallized from the solution
after 48 hours.

31

P NMR analysis of the racemic product shows chemical shifts

at 47.2 (d, Jp-p = 22.1 Hz) and 45.4 ppm (d, Jp-p = 21.4) for the internal
phosphorus atoms as well as 38.1 (d, Jp-p = 24.2) and 36.2 ppm (d, Jp-p = 24.3) for
the external phosphorus atoms.

31

P NMR specrum of the compound is shown in

Fig. 4.9.
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Figure 4.9. 31P NMR of [rac-Rh2(nbd)2(me,ph-P4)](BF4)2

The crystallographic data for [Rh2(nbd)2(me,ph-P4)](BF4)2 is very similar to
that for [Rh2(nbd)2(et,ph-P4)](BF4)2 system. The crystal structure of rac[Rh2(nbd)2(me,ph-P4)](BF4)2, obtained by Dr. Howell,9 shows a distorted square
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planar geometry around the Rh centers. The complex has open-mode structure
which can rotate to form the closed-mode catalytically active dirhodim
tetraphosphine complex.
4.6 Methylene Bridged Biphosphines
4.6.1 Synthesis and Isolation of Bis(dichlorophosphino)methane,
Cl2PCH2PCl2
Methylene bridged biphosphines, R2PCH2PR2, are of interest as ligands
because of their ability to bridge two metal centers and form stable catalyst
complexes. Bis(dichlorophosphino)methane, Cl2PCH2PCl2, has been used as
starting material in the preparation of variety of bidentate phosphines16,17,18 such
as

Me2PCH2PMe2,

i-PrHPCH2PH-i-Pr

and

H2PCH2PH2.

Synthesis

of

bis(dichlorophosphino)methane, was reported initially by Sommer.19 In 1977
Novikova and coworkers20,21 reported first preparation of Cl2PCH2PCl2 from
aluminum, dichloromethane and PCl3.
In our work synthesis and isolation of bis(dichlorophosphino)methane
were achieved by combination and variations of the reported methods.
Dichloromethane is added to aluminum and the reaction mixture is allowed to
reflux. Since DCM does not directly react with aluminum, small amounts of
dibromomethane and diiodomethane were added after the reflux has begun.
Dibromomethane and diiodomethane are needed for the synthesis of the
intermediate product bis(dihaloalumino)methane, X2AlCH2AlX2, which further
reacts with DCM to form bis(dichloroalumino)methane, Cl2AlCH2AlCl2. This
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product

was

then

reacted

with

PCl3 to

form

the

desired

product,

bis(dichlorophosphino)methane. Figure 4.10 shows 31P{1H} NMR of the product.
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Figure 4.10. 31P{1H} NMR of Cl2PCH2PCl2
During the reaction AlCl3 was also formed; this salt coordinates strongly to the
product and makes its isolation impossible. In order to complex the AlCl3 and free
the biphosphine product, POCl3 was added to the reaction mixture20. After
overnight reflux, dry NaCl was added to the reaction flask as an additional
complexation agent for AlCl3, to form AlCl4−. The reaction mixture was filtered and
the filtrate was then pumped under vacuum to remove the excess DCM and any
unreacted PCl3 and POCl3. The resulting light brown viscous mass was distilled
under vacuum and bis(dichlorophosphino)methane was collected at 50-55oC.
Bis(dichlorophosphino)methane is a colorless, air- and moisture-sensitive
oil.17 In our case, the product appeared as red viscous liquid, most likely, due to
minor impurities. The isolated yield was 17% and the
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31

P NMR analysis showed

the presence of the product at 175 ppm (s). Synthesis and isolation of
bis(dichlorophosphino)methane described above was successful, although our
yields were less then 20%. It has to be mentioned here that synthesis of
bis(dichlorophosphino)methane proved to be very difficult. Various experiments
were performed in order to investigate reaction conditions and improve the
procedure and isolated yields of bis(dichlorophosphino)methane. Based on our
experience and literature sources,20 it was concluded that low yields are due to
the coordination of AlCl3 to the desired product. To overcome this problem, good
complexing agents were needed to coordinate AlCl3 and free Cl2PCH2PCl2. In
addition to POCl3, tetraglyme, pyridine and amines10 were tested as coordination
agents, but did not lead to a successful reaction. It was found, however, that
another inorganic salt, Na3PO4, beside NaCl, can be used to complex AlCl3. Use
of Na3PO4 provides smooth reaction and consistant isolated yields of 20%.10
4.6.2 Alkylation of Cl2PCH2PCl2
In 1989 Hietkamp17 et al published the synthesis of Cl2PCH2PCl2 as the
initial

step

of

the

preparation

of

methylenebis(dimethylphosphine),

Me2PCH2PMe2. There are also examples in the literature18,22 for the preparation
of R2PCH2PR2 and its use as a bridging ligand in binuclear platinum, palladium
and iron complexes. In our work alkylation of bis(dichlorophosphino)methane
was achieved by combination of the reported methods with the addition of some
new steps. Our first step of the alkylation reaction is transmetallation between
ZnCl2 and methylmagnesium halide and it was needed to selectively alkylate
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bis(dichlorophosphino)methane. Next, Cl2PCH2PCl2 was used as starting product
for the attempted synthesis of MeHPCH2PHMe. This reaction undergoes three
major steps, shown bellow:
2MeZnCl

2MeMgBr + ZnCl2
2MeZnCl + Cl2PCH2PCl2

MeClPCH2PClMe

MeClPCH2PClMe + LiAlH4

MeHPCH2PHMe

Transmetallation reaction between ZnCl2 and methylmagnesium bromide was
used to produce the organozinc chloride and diethyl ether was used as solvent.
After 5 hours of stirring Cl2PCH2PCl2 was added to the reaction mixture to give
di-substituted phosphine, MeClPCH2PClMe. The flask was in an ice bath during
this addition and the mixture was allowed to stir for 48 hours at room
temperature. Reaction mixture was filtered and crude product was analyzed by
31

P NMR. A literature search23 showed MeClPCH2PClMe to give single

31

P peak

at 94.9 ppm. Our product, MeClPCH2PClMe, appeared as singlet at 93.2 ppm.
The last step of the synthesis of MeHPCH2PHMe was addition of LiAlH4 to
the above formed MeClPCH2PClMe in ether. This reaction is violent and caution
must be taken during the addition – the flask was kept in a dry ice/acetone bath
and LiAlH4 in 2 equivalents excess was added dropwise. After 24 hours of stirring
crude reaction mixture was analyzed by

31

P NMR and showed a complex

spectrum with no product formation. Part of the reason could be the presence of
a small amount of byproduct synthesized along with MeClPCH2PClMe in the
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previous

step.

Examples

in

the

literature16,23

indicate

presence

of

MeHPCH2PHMe at -85.5 and -88.9 ppm with JP-P = 25Hz.
4.7 Conclusion
Organozinc chemistry used in this part of my research proved to be very
useful for the selective substitution of halide atoms in phosphorous halides.
Dimethylchlorophosphine, a starting product for the synthesis of me,ph-P4
ligand, was successfully produced by using MeMgBr and ZnCl2 in toluene
solution, although difficulties encountered in isolating the product from the
solution have not been overcome. Transmetallation reaction between ZnCl2 and
alkylmagnesium bromide was also used in the attempted preparation of
MeHPCH2PHMe. Synthesis of this product was not achieved, but Cl2PCH2PCl2
and MeClPCH2PClMe, starting products in the reaction were prepared.
Nickel separation technique, based on the different solubility of Ni-racme,ph-P4 and Ni-meso-me,ph-P4 complexes in ethyl alcohol was successfully
used to separate rac- from the meso-form of the me,ph-P4 ligand. Ni-rac-me,phP4 and Ni-meso-me,ph-P4 diastereomers were separated by filtration and pure
rac- and meso-me,ph-P4 ligands were obtained by cyanolysis of, respectively,
Ni-rac-me,ph-P4 and Ni-meso-me,ph-P4 complexes. Rac-me,ph-P4 was the
base for the synthesis of the [rac-Rh2(nbd)2(me,ph-P4)](BF4)2 catalyst precursor.
In future asymmetric hydroformylation experiments caution must be taken in the
recrystallyzation step of the catalyst in order to obtain better hydroformylation
results.
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CHAPTER 5
EXPERIMENTAL SECTION
Synthetic procedures were performed under inert atmosphere using dry box
and Schlenk line techniques. All the anhydrous solvents packed under Nitrogen
(DCM, toluene, THF, hexane, pentane, tetraglyme) were purchased from Aldrich and
all the reagents – from Aldrich and Strem. Unless otherwise specified, solvents and
chemicals were used without further purification. Product analyses were obtained by
1

H and

31

P NMR on a Bruker AC-250, AC-400, AMX-500, and 700 spectrometers.

H3PO4 was used as a reference for

31

P NMR and TMS – for 1H NMR. X-ray

crystallographic data was collected on a Nonius Kappa CCD diffractometer1 and
structures were solved by using SIR97 and SHELXL97 programs.2
5.1 Experimental for Chapter 2
5.1.1 Syntesis of [Rh2(nbd)2(et,ph-P4)](BF4)2
Rac-et,ph-P4 ligand (1.0 g; 2.15 mmoles) dissolved in 5 ml DCM was added
dropwise to a 10ml DCM solution of [Rh(nbd)2](BF4) (1.61 g; 4.3 mmoles).* The
orange solution was stirred for 3 hours under inert atmosphere and DCM was
pumped under vacuum. The resulting dark red solids were dissolved in minimum
amount of acetone to recrystallized and were placed in the freezer. The orange-red
crystals were filtered after 24 hours to yield 85% [Rh2(nbd)2(et,ph-P4)](BF4)2. 31P{1H}
NMR (acetone): Internal phosphorus: 47.4 ppm (dd; JRh–P = 163.9 Hz; JP-P = 23.0
Hz); External phosphorus atoms: 61.1 ppm (dd; JRh–P = 151.2 Hz; JP-P = 23.0 Hz).
*Mixed et,ph-P4 ligand and [Rh(nbd)2](BF4) were prepared via previously reported
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syntheses.3 The racemic- and meso- diastereomers of the ligand were separated
through the use of reaction with two equivalents of NiCl2 in EtOH that results in the
precipitation of the meso-Ni2Cl4(et,ph-P4).4 The soluble rac-Ni2Cl4(et,ph-P4)
complex was separated by filtration. The rac-et,ph-P4 ligand was freed from the racnickel complex by displacement with cyanide (NaCN). To isolate pure rac-et,ph-P4
ligand from the mother solution, extraction into three portions of benzene was
performed.
5.1.2 In Situ High-Pressure NMR Experiment
[Rh2(nbd)2(et,ph-P4)](BF4)2 (0.024 g; 0.02 mmoles) was dissolved in 5.0 ml
acetone/10%DCM to prepare a 40 mM solution. This high concentration solution
was placed in a Wilmad high pressure NMR tube with a Teflon valve (model 524-PV7) under inert atmosphere. Since the experiment was performed at high pressures
the valve was wrapped with Teflon tape to prevent it from being blown out. 200 psig
H2/CO (1:1) gas were applied to the solution in the tube at 25oC. Immediate change
of the color from orange to red was observed during this addition. The syn gas was
applied for 30 minutes with vigorous shaking every 5 minutes to ensure that the
catalyst precursor is fully reacting. The

31

P and 1H NMR spectra were collected on a

Bruker AC-250, AMX-500, and 700 instruments.
5.1.3 Autoclave Experiment
[Rh2(nbd)2(et,ph-P4)](BF4)2 catalyst precursor (0.5 g, 0.413 mmole) was
dissolved in 20 mL of acetone in a flask and the solution was transferred to a Parr
autoclave under inert atmosphere conditions. The autoclave was flushed with H2/CO
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gas, then heated to 90oC and pressurized with 90 psig 1:1 H2/CO gas. The
autoclave run was continued for 5 hours and then the resulting mixture was
analyzed by 31P and 1H NMR on a Bruker AC-250 spectrometer.
5.2 Experimental for Chapter 3
5.2.1 Synthesis of RhCl2(η4-et,ph-P4)BF4, 12 and Rh(Cl)(CH2Cl)(η4et,ph-P4)BF4, 13
Mixed et,ph-P4 ligand (0.633 g; 0.0013 moles) was dissolved in 10 ml DCM
under inert atmosphere in the glove box. This solution was then added slowly to a
flask containing [Rh(nbd)2]BF4 (0.73 g; 0.00195 moles) dissolved in 20 ml DCM.
After 4 hours of stirring the reaction mixture under nitrogen at room temperature, the
solvent was pumped under vacuum. The resulting yellow-orange powder was
dissolved in minimum amount of acetone and placed in the freezer. X-ray quality
colorless to pale yellow crystals of RhCl2(η4-et,ph-P4)BF4, containing 15%
Rh(Cl)(CH2Cl)(η4-et,ph-P4)BF4 complex were obtained from the mother solution after
two days. Yield: 0.6 g (50%);

31

P{1H} NMR analyses for RhCl2(η4-et,ph-P4)BF4

(acetone): 10.6 ppm Internal P: (dt; JRh–P = 93.6 Hz; JP-P = 12.5 Hz) and 58.5 ppm
External P: (dt; JRh–P = 83.3 Hz; JP-P = 12.5 Hz).

31

P{1H} NMR analyses for

Rh(Cl)(CH2Cl)(η4-et,ph-P4)BF4 (acetone): second order spectrum.
5.2.2 Attempted Synthesis of RhH2(η4-et,ph-P4)BF4, 10 Using SuperHydride
Super-hydride (1.0M in THF; 0.072 ml; 0.072 mmoles) in 5.0 ml ether was
added dropwise to a flask containing RhCl2(η4-et,ph-P4)BF4 (0.024 g; 0.0356
mmoles) dissolved in 6.0 ml acetone while keep the reaction mixture in an ice bath.
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Color changed from clear pale yellow to yellow during the addition. The mixture was
allowed to stir for 24 hours warming slowly to room temperature. The solvents were
pumped under vacuum and the resulting yellow solids were dissolved in minimum
amount acetone.

31

P{H} NMR of the reaction mixture in acetone: 2.6 ppm (dt) and

48.0 ppm (dt).
5.2.3 Synthesis of [Rh2(η4-et,ph-P4)2](BF4)2, 14
5.2.3.1 Using [Rh(nbd)2]BF4 and et,ph-P4
Mixed et,ph-P4 (0.2 g; 0.43 mmoles) dissolved in 4 ml acetone was added to
a flask containing [Rh(nbd)2]BF4 (0.161 g; 0.43 mmoles) in 4 ml of acetone. Change
of color from red to yellow-orange was observed. The reaction mixture was refluxed
for 3 hours and allowed to cool down to room temperature overnight. Acetone was
pumped under vacuum and the resulting orange powder was dissolved in MeOH in
attempt to crystallize the product. No formation of crystals was observed.
Alternate synthesis: Same amounts of reactants were used, but in this set of
experiments the reaction was allowed to proceed with stirring only, no reflux.

31

P

NMR analysis of the reaction mixture shows the presence of same product as
above.
5.2.3.2 Using [Rh2(nbd)2(rac-et,ph-P4)](BF4)2 and et,ph-P4
Mixed et,ph-P4 (0.1 g; 0.22 mmoles) dissolved in 4 ml d-acetone was added
to [Rh2(nbd)2(rac-et,ph-P4)](BF4)2 (0.26 g; 0.22 mmoles) in 4 ml d-acetone and the
color changed from orange to dark yellow. After overnight stirring and heating at
90oC for 1 hour, the solvent was removed under vacuum and the orange solids were
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redissolved in acetone. Unfortunately, attempts to recrystallize the product were
unsuccessful. The reaction mixture was analyze by

31

P{1H} NMR and resulted

spectrum was the same as the one from [Rh(nbd)2]BF4/ mixed et,ph-P4 reaction.
5.2.4 Attempted Synthesis of [RhCl2(η4-me,ph-P4)2](BF4)2, 15
A Schlenk flask was charged with mixed me,ph-P4 ligand (0.45 g; 1.103
mmoles) and 10 ml DCM as solvent. [Rh(nbd)2]BF4 (0.414 g; 1.103 mmoles)
dissolved in 20 ml DCM was added dropwise to the flask. The reaction mixture was
allowed to stir overnight under nitrogen at room temperature. After pumping the
solvent, yellow-orange powder was obtained and dissolved in acetone. No crystals
of the product were obtained for X-ray analysis.

31

P NMR analysis of the product

showed the presence of RhCl2(η4-me,ph-P4)BF4 and [Rh2(η4-me,ph-P4)2](BF4)2
complexes.
5.2.5 Synthesis of [Rh2(η4-me,ph-P4)2](BF4)2, 16
[Rh(nbd)2]BF4 (0.092 g; 0.246 mmoles) dissolved in 20 ml acetone was added
dropwise to mixed me,ph-P4 ligand (0.1 g; 0.246 mmoles) in 5 ml acetone. The
reaction mixture was allowed to stir overnight and

31

P NMR analysis of the orange-

red product showed the presence of [Rh2(η4-me,ph-P4)2](BF4)2 complex.
5.3 Experimental for Chapter 4
5.3.1 Synthesis of Dimethylchlorophosphine, Me2PCl
5.3.1.1 Synthesis of Dimethylchlorophosphine in toluene
A 500 ml two neck Schlenk flask equipped with a stir bar was charged with
zinc chloride (10.9 g; 0.080 moles) and 100ml of anhydrous toluene as solvent. The
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flask then was evacuated and the mixture was allowed to stir under nitrogen. After 3
hours of stirring methylmagnesium bromide (1.4 M in toluene/THF; 57.15 ml; 0.080
moles) was added dropwise to the reaction mixture while keeping it cool in an ice
bath. Grey precipitate was formed during this addition. The mixture was allowed to
stir for approximately 48 hours. Phosphorus trichloride (5 g; 0.036 moles) was then
added dropwise

to the flask while keeping the solution cool; white precipitate

formed. After 48 hours of stirring the reaction mixture was filtered in the dry box and
the precipitate was washed with toluene 3 times. The filtrate was distilled under
nitrogen in order to isolate the Me2PCl (bp 76oC) from the solvent. Unfortunately, all
attempts to isolate Me2PCl were unsuccessful. Product analysis:

31

P{1H} NMR of the

crude product (d-acetone); 96 ppm (s).
5.3.1.2 Attempted Synthesis of Dimethylchlorophosphine in tetraglyme
To a 500 ml three neck Schlenk flask were added methylmagnesium bromide
(3.0 M in diethyl ether; 24.3 ml; 0.073 moles) and 30 ml anhydrous tetraethylene
glycol dimethyl ether (tetraglyme). Diethyl ether was removed under vacuum by
“pumping” the reaction mixture for approximately 3 hours. A 250 ml Schlenk flask
was charged with ZnCl2 (10g; 0.073 moles) and 100 ml anhydrous tetraglyme. After
stirring overnight, the mixture was transferred to the 500 ml flask containing MeMgBr
in tetraglyme at 0oC. The reaction mixture was allowed to stir overnight and then
PCl3 (5.0 g; 0.036 moles) was added dropwise at 0oC. Grayish precipitate formed.
The reaction mixture was allowed to stir overnight at room temperature and filtered.
Me2PCl was synthesized along with MePCl2 and byproducts. 0.5 equivalents
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MeMgBr and ZnCl2 were added to the filtrate for further conversion of mono- to
dimethylchlorophosphine. Attempted distillation to isolate the product was
unsuccessful. Analysis of the crude product:

31

P{1H} NMR: ppm: 92(s); 195(s);

88.7(s); 87.3(s); 68.4(s); -11.3(s).
5.3.1.3 Attempted Synthesis of Dimethylchlorophosphine in Butyl Diglyme
A 500 ml two neck Schlenk flask equipped with a stir bar was charged with
zinc chloride (19.9 g; 0.146 moles) and 100ml THF. After 30 minutes of stirring
150ml butyl diglyme were added to the above solution and it was allowed to stir for 1
hour. This solution was cooled in an ice bath and MeMgCl (2.0 M in butyl diglyme;
73ml; 0.146 moles) was slowly added to it, with the formation of gray precipitate in
grayish solution. The reaction mixture was allowed to stir overnight and then THF
was removed in vacuo from the flask. PCl3 (10 g; 0.073 moles) was added to the
mixture, while keeping it in an ice bath. After 48 hours of stirring

31

P NMR of crude

reaction mixture showed the presence of very small amount Me2PCl and numerous
byproducts.
5.3.1.4 Attempted Synthesis of Dimethylchlorophosphine in Diethyl Ether
Dry ZnCl2 (19.9 g; 0.146 moles) was dissolved in 120 ml diethyl ether in the
glove box. The flask was attached to the Schlenk line and stirred for approximately 3
hours. MeMgBr (3.0 M in diethyl ether; 48.6ml; 0.146moles) was added dropwise to
the solution and the reaction mixture was allowed to stir overnight. PCl3 (10 g; 0.073
moles) was added to the above mixture (dropwise, ice bath) and it was stirred for 48
hours. It was then filtered and the white precipitate was washed three times with
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ether. The presence of low amount of dimethylchlorophosphinel in the filtrate was
confirmed by

31

P{1H} NMR. Trap to trap distillation at room temperature was

performed on the filtrate to isolate the product from the solvent.

31

P{1H} NMR on

sample from mother flask showed presence of some unidentified peaks at 6, 40, and
48 ppm and no presence of Me2PCl was detected.
5.3.1.5 Attempted Synthesis of Dimethylchlorophosphine via Me2Zn
A 500 ml Schlenk flask was charged with dimethylzinc (2.0 M in diethyl ether;
36.5ml; 0.073 moles) in the glove box and a solution of PCl3 (10 g; 0.073 moles) in
30 ml diethyl ether was added dropwise to the flask, while keeping the reaction
mixture in an ice bath. After 48 hours of stirring,

31

P{1H} NMR showed the formation

of some dimethylchlorophosphine along with monomethylchlorophosphine and
byproducts. After the reaction mixture was filtered, trap to trap distillation was
performed in attempt to isolate the product.

31

P{1H} NMR on sample taken from the

distillate showed a very small amount of Me2PCl at 95 ppm and an unidentified
byproduct at 67 ppm.
5.3.1.6 In situ reaction of Dimethylchlorophosphine and Grignard in
attemped to synthesize dimethylvinylphosphine
To a flask containing dry ZnCl2 (0.2 equivalents excess; 10.9 g; 0.080 moles)
and 100ml toluene was added MeMgBr (1.4 M in toluene; 0.2 equivalents excess;
57.2ml; 0.080 moles) and the reaction mixture was allowed to stir for 48 hours to
form MeZnCl. PCl3 (5 g; 0.036 moles) was added to the mixture and after 3 days of
stirring

31

P NMR showed the presence of Me2PCl product only. The Me2PCl was

separated from zinc salts by filtration then the reaction mixture was cooled in an ice
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bath and vinylMgBr (1.0 M in THF; 28.8ml; 0.029moles) was added dropwise to the
filtrate. The reaction mixture was stirred overnight and trap to trap distillation was
performed to isolate dimethylvinylphosphine.

31

P{1H} NMR analysis of the above

solution showed no presence of the product.
5.3.2 Synthesis of Dimethylvinylphosphine
A 500 ml two neck Schlenk flask was charged with vinyl magnesium bromide
in THF (1M; 103.6 ml; 0.1036 moles) and 103.6 ml of tetraglyme. The flask was
attached to a trap to trap distillation apparatus and was isolated from the apparatus
by a teflon cap. The THF was removed from the reaction mixture by trap to trap
distillation for 5 hours with slight warming of the reaction solution in water bath. The
tetraglyme/vinyl magnesium bromide solution was cooled in an ice bath and 10 g
(0.1036 moles) of dimethylchlorophosphine (purchased from Strem) were added
dropwise while keeping the reaction mixture cool. The reaction mixture was warmed
to room temperature under nitrogen and the dimethylvinylphosphine (colorless
liquid) was isolated from the tetraglyme and magnesium salts using trap to trap
distillation. Yield: 60%; Product analysis: 31P{1H} NMR (tetraglyme): -49.0 ppm (s).
5.3.3 Synthesis of me,ph-P4
Dimethylvinylphosphine

(3.8

g;

43.1

moles;

excess

of

dimethylvinylphosphine) and Ph(H)PCH2P(H)Ph (2 g; 8.62 moles) were added to a
100 ml Schlenk quartz flask under inert atmosphere. The reaction mixture was
photolyzed for 84 hours and the progress of the reaction was checked by

31

P{1H}

NMR. The product of the reaction, me,ph-P4, was colorless viscous liquid. Product
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analysis:

31

P{1H} NMR (d6-acetone): -25.0 ppm (dd) and -25.8 ppm (dd) for the

internal phosphorus atoms and -46.9 ppm (dd) and -47.2 ppm (dd) for the external
phosphorus atoms.
5.3.4 Separation of me,ph-P4
5.3.4.1 Synthesis of Ni2Cl4(me,ph-P4)
A 250 ml Schlenk flask was charged with NiCl2.6H2O (1.17 g, 4.9 mmoles)
and 15 ml EtOH. Mixed me,ph-P4 ligand (1.0 g, 2.454 mmoles) dissolved in 15 ml
EtOH in the glove box was added dropwise to the rapidly stirred NiCl2 solution. Upon
the addition, color of the solution turned from clear green to dark red and orange
precipitate started to form on the bottom of the flask. After approximately 24 hours of
stirring, the reaction mixture was filtered and the orange residue, mesoNi2Cl4(me,ph-P4) complex (1.4 g) was washed with EtOH. The light yellow filtrate
was concentrated to a dark orange-red tarry material mainly consisting of racNi2Cl4(me,ph-P4).
5.3.4.2 Isolation of rac- me,ph-P4
NaCN (1.95g, 0.04moles, 133 equiv) was dissolved in 13.5 ml H2O and 5.5 ml
MeOH and this solution was added to a Schlenk flask containing rac-Ni2Cl4(me,phP4) complex (0.2g, 0.299mmoles). The reaction mixture, initially light orange in
color, turned clear red after 4 hours of stirring. Second portion of NaCN (2.2g,
0.045moles, 150equiv.) was added to the reaction mixture and it was allowed to stir
for half an hour, until all of the NaCN dissolved. Free rac-me,ph-P4 ligand was then
extracted from the above solution into three 12 ml portions of benzene. Benzene
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from the yellowish extracted solution was pumped under vacuum to give 0.073g
(60%) light yellowish viscous oil of free rac-me,ph-P4 ligand. Purity level is typically
75-80%, based on 31P NMR.
5.3.4.3 Isolation of meso- me,ph-P4
A Schlenk flask was charged with NaCN (14.4 g, 0.294 moles, 393 equiv), 30
ml H2O and 15 ml MeOH. A dark orange solution of meso-Ni2Cl4(me,ph-P4) complex
(0.5 g, 0.75 mmoles) in 10 ml H2O and 10 ml MeOH was added dropwise to the
white NaCN suspension. The cloudy orange reaction mixture turned clear orangered after overnight stirring. Free meso-me,ph-P4 ligand was extracted from the
above solution into three 50 ml portions of hexane. Meso-me,ph-P4 ligand was
recrystallized from hexane to yield 90% (based on

31

P NMR) pure meso ligand as

white solids.
5.3.4.4 Separation of racemic and meso diastereomers of me,ph-P4 in
hexane
Mixed me,ph-P4 ligand (1.0 g, 2.2 mmoles) was placed in an Erlenmeyer
flask and dissolved in 5 ml of hexane. The flask was placed in the freezer for 24
hours, after which the mixture was filtered in the glove box. Quick filtration is
necessary in order to prevent melting of the white meso- me,ph-P4 crystals into
hexane solution containing rac- me,ph-P4. Free meso- me,ph-P4 has purity of 85%
(based on

31

P NMR) and yields are typically 75%. Free rac- me,ph-P4 (light

yellowish viscous oil) was obtained from the filtrate by pumping the hexane solvent
under vacuum. Purity level of the racemic diastereomer is 75% (based on
and yields are 65-70%.
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P NMR)

5.3.5 Synthesis of Na2[Ni(CN)4].3H2O
Na2[Ni(CN)4].3H2O was synthesized as a byproduct of the NiCl2-based
separation of me,ph-P4 ligand (separation steps described above). After free racme,ph-P4 ligand was extracted from the solution, a sample from the orange mother
solution was placed in a beaker and exposed to air. Quantitative amounts of yellow
needlelike Na2[Ni(CN)4].3H2O crystals were grown overnight. A second sample from
the solution in mother flask was left undisturbed in a closed NMR tube for about one
month to obtain X-ray quality crystals of Na2[Ni(CN)4].3H2O.
5.3.6 Synthesis of [Rh2(nbd)2(me,ph-P4)](BF4)2
A Schlenk flask equipped with stir bar was charged with rac- me,ph-P4 (0.50
g; 1.225 mmoles) and 5ml DCM. [Rh(nbd)2]BF4 (0.916 g; 2.451 mmoles) was
dissolved in 10ml DCM and the solution was added to the flask. After 3 hours of
stirring the orange-red product was isolated from DCM by pumping the solvent under
vacuum.
Alternate synthesis: Mixed me,ph-P4 ligand dissolved in 5ml DCM was plased
in a flask in the glove box and [Rh(nbd)2]BF4 was added to this solution (amounts
and stecheometric proportions same as above). After 3 hours of stirring of the
reaction mixture, the DCM was pumped under vacuum and formation of dark red
solids was observed. These solids were dissolved in minimum amount of cold
acetone and placed in the refrigerator for 48 hours. The orange-red crystals of [racRh2(nbd)2(me,ph-P4)](BF4)2 formed and were separated from the solution by
filtration.
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5.3.7 Synthesis of Bis(dichlorophosphino)methane
5.3.7.1 Using NaCl
Pieces of aluminum foil (15 g, 0.56 moles) placed in a 1 litter three necked
Schlenk flask equipped with condenser were subjected to vacuum for 1 hour. 800 ml
of dichloromethane were added then to the flask via needles under nitrogen and the
reaction mixture was allowed to reflux overnight. After the mixture started to reflux,
dibromomethane (15 ml, 0.22 moles) and diiodomethane (5 ml, 0.10 moles) were
added slowly to the flask. After all of the aluminum foil reacted overnight, the brown
solution was cooled and PCl3 (77 g, 0.56 moles) in 50 ml DCM was added dropwise
to the reaction flask via needles. This reaction mixture was refluxed for three hours,
cooled to room temperature and POCl3 (85.9 g, 0.56 moles) was added via needles
while keep the reaction flask in an ice bath. The color of the solution changed from
dark brown through yellow to very dark red during this addition. Again, the solution
was allowed to reflux overnight, cooled to room temperature and sample of it was
analyzed by

31

P{1H} NMR. After

31

P{1H} NMR showed presence of the product, 50 g

dry NaCl were added to the cooled mixture and it was refluxed overnight. This black
solution was concentrated to half volume and filtered. The filtrate was then pumped
under vacuum to remove the excess DCM and any unreacted PCl3 and POCl3. The
resulting

light

brown

viscous

mass

was

distilled

under

vacuum

and

bis(dichlorophosphino)methane was collected at 50-55oC. Due to traces of
impurities, the product appeared as red viscous liquid. Isolated yield: 17%;
NMR (DCM): 175 ppm (s).
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P{1H}

5.3.7.2 Attempted synthesis of Bis(dichlorophosphino)methane using
pyridine
Pieces of aluminum foil (15 g, 0.56 moles) placed in a 1 litter three necked
Schlenk flask equipped with condenser were subjected to vacuum for 1 hour. 800 ml
of dichloromethane were added under nitrogen to the flask via needles and the
reaction mixture was allowed to reflux for 24 hours. After mixture started to reflux,
dibromomethane (15 ml, 0.56 moles) and diiodomethane (5 ml, 0.56 moles) were
added to the flask. After all of the Al reacted, the brown solution was cooled and
PCl3 (77 g, 0.56 moles) in 50 ml DCM was added dropwise to it via needles. This
reaction mixture was refluxed then for three hours. It was then cooled and pyridine
(44.3 ml, 0.56 moles) was added dropwise while keeping the reaction flask cool in
an ice bath. During the addition, color of the reaction changed from light brown to
black. The reaction mixture was allowed to stir overnight.
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P NMR analysis of the

crude reaction mixture showed traces amounts of bis(dichlorophosphino)methane,
byproducts and some unreacted PCl3.
5.3.7.3 Attempted synthesis of Bis(dichlorophosphino)methane using
tetraglyme
Pieces of aluminum foil (15 g, 0.56 moles) placed in a 1 litter three necked
Schlenk flask equipped with condenser were subjected to vacuum for 1 hour. 800ml
of dichloromethane were added under nitrogen to the flask via needles and the
reaction mixture was allowed to reflux overnight. After mixture started to reflux,
dibromomethane (15ml, 0.56moles) and diiodomethane (5ml, 0.56moles) were
added to the flask. After all of the Al reacted overnight, the brown solution was
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cooled and PCl3 (77g, 0.56moles) in 50ml DCM was added dropwise to it via
needles. This reaction mixture was refluxed for three hours, cooled and POCl3
(85.9g, 0.56moles) was added via needles. The color of the solution changed from
dark brown through yellow to very dark red during this addition. The solution was
allowed to reflux overnight and then cooled. Tetraethylene glycol dimethyl ether
(124.5g, 0.56moles) was added, followed by overnight reflux.
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P NMR analysis of

the crude reaction mixture showed no presence of bis(dichlorophosphino)methane.
5.3.8 Alkylation of Cl2PCH2PCl2
A 250 ml Schlenk flask was charged with zinc chloride (0.63 g; 0.0046 moles)
and 30 ml of anhydrous diethyl ether as solvent. After 30 minutes of stirring
methylmagnesium bromide (3.0 M in diethyl ether; 1.54 ml; 0.0046 moles) was
added dropwise to the reaction mixture while keeping it cool in an ice bath. Grey
precipitate was formed during this addition. The reaction mixture was allowed to stir
for 5 hours. Cl2PCH2PCl2 (0.5 g; 0.0023 moles) was added to the flask while keeping
it in an ice bath and the mixture was allowed to stir for 48 hours at room
temperature. Reaction mixture was filtered in the glove box and crude product,
MeClPCH2PClMe, was analyzed by 31P NMR.
Next, LiAlH4 (0.175 g; 0.0046 moles) in 60 ml diethyl ether was added
dropwise to the above formed MeClPCH2PClMe in ether at -78oC (dry ice/acetone
bath). The reaction mixture was gradually warmed to room temperature. After 24
hours of stirring crude reaction mixture was analyzed by
complex spectrum with no product formation.
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P NMR and showed
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